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The chemistry of some indenyl ruthenium complexes derived from the readily-
synthesized [(Ind)Ru(PPh3)2Cl] 1 (Ind = η5-C9H7) has been investigated. Phosphine 
substitution of 1 with IndH(CH)2PPh2 LH, 1,1’-bis(diphenylphosphino)ferrocene (dppf) 
and [CH3C(CH2PPh2)3] (tripod) led to mono-, di- and tri- substitution derivatives, 
[(Ind)Ru(PPh3)(κ1P-LH)Cl] 2, [(Ind)Ru(dppf)Cl] 3 and [(Ind)Ru(tripod)]PF6 [4]PF6, 
respectively. With (R)-(S)-Josiphos, R- and S- diastereomers have been obtained, but only 
the thermodynamically stable R- isomer, R-[(Ind)Ru(Josiphos)Cl] R-5, could be isolated 
pure. Likewise, the reaction of CpRu(PPh3)2Cl 1a with Josiphos gave only R-
[CpRu(Josiphos)Cl] R-6. The rate of epimerization process (S-6 Æ R-6) was found to be 
greatly dependent on the concentration of free Josiphos in the reaction mixture. 
The dppf derivative, 3, has been reacted with different coordinating donor ligands: 
(i) N-containing ligands (CH3CN, azide); (ii) S-containing ligands (thiolates, heterocyclic 
thiolates, dithiolates); (iii) mixed donor ligand (SCH2CH2PPh2)- and (iv) [Co(CO)4]-. 
Chloro-substitution of 3 with CH3CN and N3-, appears to indicate that this process 
is as facile as in the well-studied complex [CpRu(PPh3)2Cl] 1a. The [3+2] dipolar 
cycloaddition of the azido ligand with dimethyl acetylenedicarboxylate yielded 
[(Ind)Ru(dppf)(N3C2(CO2Me)2)] 9, an occurrence common at Pt and Pd centers, but 
uncommon at half-sandwich Ru centers. 
The reactions of 3 with thiolates (RS-, R = Me, Et, Ph) in MeOH was found to 
yield thiolato derivatives, in addition to a hydrido complex [(Ind)Ru(dppf)H] 13, the 
yield of which is both solvent- and R- dependent. The reaction of 3 with the mixed-donor 
ligand, -S(CH2)2PPh2, yielded 13 and a thiolato derivative [(Ind)Ru(dppf)(κ1S-
Summary   
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S(CH2)2PPh2)] 14 containing a “dangling” PPh2 moiety. In comparison, the reaction of 1 
with –S(CH2)2PPh2 led to total substitution, giving [Ru(κ2S,P-S(CH2)2PPh2)2(κ2S,P-
HS(CH2)2PPh2)] 15.  
Based on a cyclic voltammetric study and literature data on [LRu(diphos)Cl] and 
[LRu(PPh3)2Cl] (L = Cp*, Ind, Cp), an ease of oxidation order was obtained as follow: (i) 
for Cp*RuCl(diphosphine) complexes: diphosphine, dppf > dppe > (PPh3)2, and (ii) for 
Cp/(Ind)RuCl(diphosphine) complexes: diphosphine,  dppf > dppm  > dppe > (PPh3)2, 
indicating a corresponding decreasing order of e-donor capability of the diphosphines and 
PPh3. EPR measurements on the oxidized [(Ind)Ru(dppf)(SMe)] 10 and 
[(Ind)Ru(dppf)(SPh)] 12 showed substantially more electron-delocalization in 12, 
possibly due to the more electron accommodating SPh ligand in 12. 
Chloro-substitution of 3 with heterocyclic thiols (HSPym = 2-mercaptopyrimidine; 
HSbztz = 2-mercaptobenzothiazole; HSmtdz = 2-mercapto-5-methyl-1,3,4-thiadiazole) 
led to three different classes of complexes: the non-indenyl Ru complex, 
Ru(dppf)(SPym)2 16; neutral complex, [(Ind)Ru(dppf)(Sbztz)] 17; and ionic complex, 
[(Ind)Ru(dppf)(mtdztH)]Cl [18]Cl. The heterocyclic thiones displaced coordinated 
CH3CN in [(Ind)Ru(dppf)(CH3CN)]PF6 [7]PF6, to give [(Ind)Ru(dppf)(SX)]PF6 (18: SX 
= mtdztH; 19: SX = pymtH; 20: SX = bztztH). The relative instability of [18 – 20]PF6 
were observed experimentally and in their cyclic voltammogram with possible structural 
change upon oxidation processes.  
Photochemical-assisted redox reactions of [(Ind)Ru(CO)2]2 22 and heterocyclic 
disulfides (RS-SR) resulted in [(Ind)Ru(CO)2(SR)] (23: R = bztz and 24: R = 
N(CO)2(C6H4) (ptlm)).  In the case, where R = SC5H4N (Spy) or SNC5H3COOH (Sncta), 
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the dissociation of the indenyl ligand was observed. Likewise the reaction of 
[(Ind)Ru(CO)2I] 27 with HSbztz in the presence of NEt3 also resulted in the cleavage of 
the indenyl ligand, giving [Ru(CO)2(Sbztz)2] 28. 
The lability of the indenyl ligand was observed to be influenced by the nature of 
both the co-ligands at the Ru center and the incoming 1,1-dithiolate ligands, as well as 
the solvent. Hence, the reactions of 3 and [(Ind)Ru(dppm)Cl] 29 with dithiocarbamate 
resulted in dissociation of the indenyl ligand, giving [Ru(diphos)(S2CNR2)2] (diphos = 
dppf, dppm) and the corresponding hydride species [(Ind)Ru(diphos)H], the yield of 
which is solvent- and stoichiometry- dependent. A change of solvent from MeOH to 
CH2Cl2 led to the isolation of [(Ind)Ru(η1-dppf)(S2CNEt2) 31a, the intermediate to the 
non-indenyl complex, [Ru(dppf)(S2CNEt2)2] 31. With xanthate ligands, the indenyl 
ligand remained intact in dppf complexes, giving [(Ind)Ru(dppf)(η1-S2COR)] (35: R = Et; 
36: R = iPr), but was cleaved in the dppm analogue, resulting in the isolation of 
[Ru(dppm)(S2COiPr)2] 37. The reactions with dithiophosphinate gave both indenyl 
([(Ind)Ru(diphos)(η1-S2PR2)] (diphos = dppf, 38: R = Et, 39: R = Ph; diphos = dppm, 40: 
R = Et, 42: R = Ph)) and non-indenyl derivatives, e.g. [Ru(dppm)(S2PR2)2] (41: R = Et; 
43: R = Ph). The reaction of 27 with –S2COiPr also resulted in dissociation of the indenyl 
ligand, which can be averted by chemically-assisted decarbonylation using Me3NO.2H2O 
to give [(Ind)Ru(CO)(μ-I)]2 45 prior to addition of dithiolate to yield [(Ind)Ru(CO)(S2X)] 
(46: X = COiPr; 47: X = CNEt2).  
  The theoretical calculations on the energetics of the η5 Æ η3 slippage process, 
based on the [(Ind)Ru(L)2(S2COMe)] (L = PMeH2, PH3, CO) model, suggested that the 
lability of the indenyl ligand followed the decreasing order of electron-donating 
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capability of the co-ligands. This is consistent with our experimental observations, where 
the indenyl ligand is most labile in carbonyl complexes, followed by dppm and most 
stable in dppf complexes.  
 Cyclic voltammetry experiments of [(Ind)Ru(dppf)(η1-S2COiPr)] 36 and 
[(Ind)Ru(dppf)(η1-S2PPh2)] 39 showed one chemically irreversible oxidation process and 
three oxidation processes with two small reverse peaks, respectively, indicative of the 
relatively unstable oxidized states even at low temperatures. 
The salt elimination reaction of NaCo(CO)4 with 29 and [(Ind)Ru(CO)2Cl] 49 led 
to the heterobimetallic species, [(Ind)Ru(μ2-dppm)(μ2-CO)2Co(CO)2] 54 and 
[(Ind)Ru(CO)2Co(CO)4] 55, respectively. However, there are complicating redox 
processes involved in the reactions of NaCo(CO)4 with 1 and 3, leading to the isolation of 
Ru(0) carbonyl and [(Ind)Co(I)] complexes, in addition to the corresponding 
heterobimetallic species, [(Ind)Ru(CO)(PPh3)(μ2-CO)Co(CO)3] 56 and 
[(Ind)Ru(dppf)(CO)][Co(CO)4] [59]Co(CO)4.   
A general, one-pot synthetic route to tethered Ind-phosphine Ru(II) complexes 
has been developed, using bis(allyl)Ru(IV) precursor, [(η3,η3-C10H16)Ru(κ1P-LH)Cl2] 62. 
Several new tethered Ind-phosphine Ru(II) complexes, containing COD, PPh3, 2,2’-
bipyridyl and acetylacetonate (acac) ligand, have been synthesized using this method. 
While Ind-phosphine adopted the expected η5,κ1P- coordination mode in complexes 
[(η5,κ1P-L)Ru(COD)]PF6 [63]PF6, [(η5,κ1P-L)Ru(PPh3)Cl] 64, [(η5,κ1P-L)Ru(PPh3)H] 
65 and [(η5,κ1P-L)Ru(2,2’-bipyridyl)]PF6 [66]PF6, it was also found to coordinate either 
via κ1P-LH in [(κ1P-LH)Ru(2,2’-bipyridyl)Cl]PF6 [67]PF6 or via η2,κ1P-LH in [(η2,κ1P-
LH)Ru(acac)2] 68, which represents a hitherto unknown coordination mode.  
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 [(Ind)Ru(CO)2]2 22, [(Ind)Ru(CO)2I] 27 and [(Ind)Ru(diphos)(S-containing 
ligand)] (diphos = dppf, dppm) were found to be catalytically active in homo-coupling of 
PhC≡CH. Complex 22 also catalyzed cross-coupling reaction between terminal alkynes 
and carboxylic acids. 
Most of the new complexes synthesized have been characterized by X-ray 
diffraction analyses and are shown in Chart 1. 
Compounds   
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Chart 1.  Structurally characterized compounds (except those with an asterisk) 
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Chapter 1: General introduction 
1.1 Coordination properties of the indenyl (Ind) ligand 
Like the η5-cyclopentadienyl Cp/Cp* ligands, the indenyl anion, C9H7- (Ind), 
belongs to the class of six-electron hydrocarbon ligands (Chart 1.1). The former are the 
‘pillar’ ligands of organometallic transition metal chemistry.1 Hence, the comparative 
chemistry of the Ind ligand is of interest. It has been observed that there exists significant 
dissimilarities in their reactivities. These reactivity differences can be ascribed to the 
numerous binding configurations which are accessible in indenyl metal complexes. To 
date, a total of eleven coordination modes (A – L) have been found for the Ind ligand, as 
depicted in Chart 1.2, with actual examples.  
Chart 1.1. 
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By far, the η5 binding mode, e.g. in A1, is the most common. A few examples 
were reported where the Ind adopts η6 mode (B), e.g. [Ru(η6-Ind)(η5-C5Me5)] (B1). η3-
Binding (C) in metal complexes of groups 9 and 10 2 and η1-Ind complexes (D) for 
metals of groups 4 and 9 3 are well documented. However, C and D modes are not 
common for group 8 metal complexes, the only examples being [PPN][Fe(η3-Ind)(CO)3] 
(C1) 4 and [Fe(η1-Ind)(η5-Cp)(CO)2] (D1).5 Coordination mode E was observed in triple 
and tetra-decker Ru complexes, e.g. E1 6 while F and G was found in Ru3(CO)12 cluster 
derivatives with diazoindene (F1) 7 and indene (G1),8 respectively. A. Ceccoon and co-
workers have demonstrated that the Ind ligand can also act as a bridging ligand between 
two metal fragments, adopting binding modes H, J and K, e.g. H1, J1, K1.9 Recently, 
indenyl ligand was found to coordinate through both its C5 and C6 rings, giving an 
unprecedented (Ind)2Zr complex (L1) with η9 coordination mode (L).10 
 In view of the great influence of M-Ind bonding modes on the reactivities of Ind 
complexes, numerous methods have been developed to determine the extent of “ring 
slippage” in these complexes. Although, in principle, indenyl ligand can coordinate in a 
perfect η5 mode, where all the five M – C bond lengths are similar, there are no available 
structures which show this perfect η5-coodination. In fact, most of the structures 
exhibited slight distortion from η5- to η3-coordination, which can be considered as the 
allyl-ene (η3 + η2) mode.  
 The degree of distortion in the solid state of indenyl complexes can be discussed 
in terms of the slip-fold distortion parameters described by Taylor and Marder.11 The 
parameters are: (a) the slip parameter (Δ), (b) the hinge angle (HA) and (c) the fold angle 
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(FA). The table below shows the values of slip-fold parameters for true η5-, distorted η5-, 
and true η3- complexes.12 












Slip-fold parameters True η5 complexes Distorted η5 complexes True η3 complexes 
Slip parameter (Δ) / Å 0.03 0.11 – 0.42 0.8 
Hinge Angle (HA) / ° 2.5 7 – 14  
Fold Angle (FA) / ° 4.4 6 – 13 28 
(a) Slip parameter: the difference in the average bond lengths of the metal to the ring 
junction carbons, C3a, C7a, and of the metal to adjacent carbon atoms of the five 
membered ring, C1, C3. (b) HA: angle between the planes defined by [C1,C2,C3] and 
[C1,C3,C3a,C7a]. (c) FA: angle between the planes defined by [C1,C2,C3] and 
[C3a,C4,C5,C6,C7,C7a]. 
 
 The slip-fold distortion of indenyl complexes in solution can be determined by 
13C-NMR shifts of C3a and C7a together with the Δδ values of those complexes. They 
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1.2 The effect of haptotropic shift in indenyl (Ind) complexes 
The heightened ability of indenyl transition metal complexes to undergo 
modification of the ligand-to-metal connectivity (e.g. η5 ↔ η3 ↔ η1; η5 ↔ η6), also 
known as “haptotropic shifts”, is widely investigated at the time, and is therefore 
characteristic of indenyl metal complexes.  
The flexibility of indenyl transition metal complexes in haptotropic rearrangement 
has always been of much interest. The facile η5 Æ η6 haptotropic shift can be induced by 
simple protonation (Scheme 1.1 (a), (b)(i)), while the much slower reverse shift can be 
effected by the addition of a base (Scheme 1.1(a), (b)(ii)). 13,14  A recent report on the 
unexpected coupling between η5-indenyl ligand and alkenyl-vinylidene fragments 
accompanied by a haptotropic rearrangement gave unprecedented [(η6-Ind)Ru] 





































































The effect of “haptotropic shifts” (η5 ↔ η3 ) in indenyl metal complexes was first 
noticed in kinetic studies of substitution reactions of electronically saturated complexes. 
Thus, Mawby and co-workers reported ca. 10 times rate enhancement in methyl 
migration in [(η5-Ind)Mo(Me)(CO)3], ca. 1000 times for CO substitution by phosphines 
in [(η5-Ind)MoX(CO)3] (X = Cl, Br, I) and ca. 600 times for [(η5-Ind)Fe(CO)2I] 
compared to their Cp analogues.16 The rate enhancement of CO substitution reaction of 
[(η5-Ind)Fe(CO)2I] via dissociative mechanism (without haptotropic shift) was attributed 
to the ability of the more electron-donating indenyl ligand in stabilizing the unsaturated 
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16-e intermediate, [(η5-Ind)Fe(CO)I]. However, the enhancement was not as significant 
as in associative substitution reaction.  For instance, Basolo’s group observed a 
significant anomaly in the reactivities of Cp/IndRh(CO)2 complexes, where remarkable 
rate difference of kInd/kCp = 108 was measured for the displacement of CO by phosphine 
(Scheme 1.2). 17  The study showed that this reaction proceeded via an associative 
mechanism through the formation of an unsaturated η3-Ind intermediate with the 
generation of a vacant coordination site for the incoming ligand.18 The driving force of 
such slippage was thought to be the generation of aromaticity in the fused benzene ring. 
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The η5 Æ η1 rearrangement, observed in IndRe19 and IndRh 20 complexes, was 
induced by the presence of 2-e donor ligands. The reverse (η1 Æ η5) has been observed in 
























- CO - CO
Haptotropic shift η5      η1
Haptotropic shift η1      η5
 
 However, the intermediates with “slipped” or “folded” coordination modes are 
often difficult to isolate. Hence, a large amount of work has been dedicated to the 
theoretical understanding of the haptotropic shifts. 
Although indenyl effect is the most well accepted explanation to the increased 
reactivities of the Ind complexes, Kubas et. al. proposed that in some cases, the higher 
kinetic reactivities of IndMLn complexes might arise from their lower thermodynamic 
stabilities compared to their Cp analogues. Hence, they suggested that it is the relative 
ground instability of the Ind complex, rather than the stability of the transition states, 
which is responsible for the higher reactivity of the Ind complex. 22  Theoretical 
calculations for the indenyl anions have indeed shown that the reduced π-electron density 
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of the five-membered ring for interaction to the metal center, a consequence of 
delocalization of π-electron density throughout the condensed system of the ligand, have 
weakened the Ind-M bond strength. This has been attributed to the electron-accepting 
nature of the six-membered ring in the indenyl ligand.23  
 Calhorda and Veiros have carried out detail theoretical calculations on the η5 Æ 
η3 coordination shift of Cp and Ind ligands in Mo complexes, [(η5-Cp’)(η5-
Cp)Mo(CO)2]2+ (Cp’ = Cp, Ind). 24  This study supported Kubas’s proposal, that the 
indenyl effect is a direct consequence of the relative stability of η5- versus η3- Ind-M 
bond (Chart 1.3) 








Ea (Cp) Ea (Ind)
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1.3 Indenyl Ruthenium [(Ind)Ru] complexes 
 The chemistry of [CpRu(PPh3)2Cl] 1a, first synthesised in 1969 by Gilbert and 
Wilkinson,25 has attracted much attention. A rich chemistry has unfolded, based on the 
facile substitution of the PPh3 ligand by 2-electron donors, as well as the ready 
displacement of the chloro ligand by both anionic and neutral ligands.26 Its well-defined 
CpRu(PPh3)2 moiety is an attractive auxiliary wherewith to attach organic groups for 
studies on the effects of steric and electronic environment on the chemical 26a and 
catalytic 27 reactivity of the complex.  
Owing to the chemical uniqueness of the indenyl ligand as discussed in the 
previous section, there has been a surge in the study of Ind transition metal complexes, 
including that of Ru complexes.28 The marked effect of the capping ligand on reactivity 
of the complex came to light with the synthesis of [(Ind)Ru(PPh3)2Cl] 1 (Ind = η5-C9H7) 
(Scheme 1.4(a)) some 16 years after that of its Cp analogue, 1a.29 [(Ind)Ru(PPh3)2Cl] 1 , 
therefore, acts as the most versatile starting material in the reactivity studies of [(Ind)Ru] 
complexes. Other available starting materials, [(Ind)Ru(COD)Cl] (COD = 1,5-
cyclooctadiene) 30  and [(Ind)Ru(CO)2]2 8, 31 have also been synthesized. While the 
improved synthesis of [(Ind)Ru(COD)Cl] (Scheme 1.4(b)) has been reported in 2001, 
















[Ru(COD)Cl2]n +  KInd















1.3.1 Reactivity studies of [(Ind)Ru] complexes 
To date, the chemistry of [(Ind)Ru] complexes has been centered on 
[(Ind)Ru(L)(L’)Cl] (L = L’ = monophosphine, L = monophosphine, L’ = CO; LL’ = 
diphosphine). Ligand substitution can be achieved via halide elimination by reacting 
[(Ind)Ru(L)(L’)Cl] with various alkali metal salts (anionic nucleophiles) or with 2-e 
donor ligand (neutral nucleophiles) in the presence of NaX (X = BF4-, BPh4-, PF6- or 
ClO4-)(Scheme 1.5(a)). 29, 32,33 Most of the metathesis for halides was carried out in polar 
solvents. The synthesis of hydride complexes was most efficient by treating 
[(Ind)Ru(L)(L’)Cl] with alkoxides. 34  Insertion of alkynes (e.g. terminal alkynes or 
MeO2CC≡CCO2Me) into Ru-H bond is an easy way into various alkenyl derivatives, 
[(Ind)RuLL’(CR=CHR’)] (LL’ = phosphine ligands; R = R’ = CO2Me; R = CO2Me, R’ = 
H; R = H, R’ = Ph) (Scheme 1.5(b)).35 
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Substitution of halide in 1 by Grignard reagent, 2-MeC3H4MgCl, afforded an allyl 
complex, [(Ind)Ru(PPh3)(η3-2-MeC3H4)], which upon acidification in the presence of 
ethene, gave [(Ind)Ru(PPh3)(C2H4)(X)] (X = Cl, CF3CO2). Subsequent reaction of 
[(Ind)Ru(PPh3)(C2H4)(X)] with diazoalkane (N2CRR’, R = R’ = Ph; R = H, R’ = Ph; R = 
H, R’ = SiMe3) led to the formation of carbene Ru(II) derivatives, 





L = monophosphine, 
      diphosphine or CO
L'' = H, CH3, SnCl3, 2-MeC3H4























 [(Ind)Ru] vinylidene and allenylidene complexes in particular have been well-
studied mainly by J. Gimeno and co-workers. The reaction of 1 with terminal alkynes in 
the presence of NaPF6 led to an equilibrium mixture consisting of η1-vinylidene and η2-
alkyne [(Ind)Ru] complexes (Scheme 1.6(a)).37 The presence of alkyne isomer can be 
trapped by nucleophilic addition of PPh3 (Scheme 1.6(b)), while the acidic proton on the 
vinylidene moiety can be abstracted by base to give σ-alkynyl complexes (Scheme 1.6(c)). 
This reaction is reversible by adding acid to σ-alkynyl complexes.38  
 
 






L = monophosphine, 





















Allenylidene complexes can be prepared by treating the halide derivatives with 
propargyl alcohols via dehydration process, which were found to be in equilibrium with 





L = monophosphine, 





























The electrophilic nature of Cα and Cγ, and the nucleophilic nature of Cβ in the 
allenylidene moiety have been proven both experimentally and theoretically (EHMO 
theoretical calculations). Neutral nucleophiles (Scheme 1.8(a))40 or anionic nucleophiles 
(Scheme 1.8(b))41 were found to be regioselectively added to Cα and Cγ. However, when 
[(Ind)Ru(dppm)(allenylidene)]+ was reacted with LiBut, an intramolecular nucleophilic 
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The addition products bearing a PR3 on Cγ (1.1) are capable of reacting with 
aldehydes (carrying coordinating functional group) in the presence of a base via Wittig 
reaction (Scheme 1.9(a)),43 which in turn acts as a bridging ligand to coordinate metallic 
acceptor fragments (Scheme 1.9(b)).44 
Scheme 1.9. 






















 Addition of various anionic nucleophiles to [(Ind)Ru] allenylidene complexes led 
to a wide variety of functionalized σ-alkynyl complexes (Scheme 1.10(a)), which 
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undergo protonation to afford vinylidene complexes (Scheme 1.10(b)). The coordinated 
vinylidene moiety can be labilized in refluxing CH3CN to yield functionalized terminal 
alkynes, including optically pure alkynes (Scheme 1.10(c)). This method represents a 
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In contrast to unsaturated hydrocarbon ligands, other donor ligands (e.g. O-, N- 
and S-donor ligands) have scarcely been explored. M.R. Kollipara and co-workers 
recently reported the reactivity of [IndRu(PPh3)2] complexes towards a variety of N-
containing ligands, i.e. 2,2’-bipyridyl, 1,10-phenanthroline, 46  N-(pyrid-2-
ylmethylene)phenylamine (ppa),47 arylazo-imidazole (RaaiR’)48 and ketazine 49 (Scheme 
1.11). On the other hand, there is only one reported example on [(Ind)Ru] with S-
























































Chapter 1: General Introduction   
 17
[(Ind)Ru(diphos)] (diphos = dppm, dppe) were also subjected to reactivity studies 
towards azide and its cycloaddition reaction (Scheme 1.12(a))50 and monodentate nitriles 
(Scheme 1.12(b)).51 An unexpected amination of [(Ind)Ru(dppe)Cl] by NH4PF6 resulted 
























L = CH3CN, CH3CH=CHCN, NCC6H4CN,  
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1.3.2 [(Ind)Ru] complexes as catalysts 
 [CpRu] complexes have been proven to be excellent catalysts in many organic 
reactions, which have been recently reviewed by Trost and co-workers.52 On the contrary, 
the catalytic activity of [(Ind)Ru] has only been tested on very limited organic reactions. 
(e.g. dimerization of terminal alkynes (Scheme 1.13(a));53  hydration of terminal alkynes 
(Scheme 1.13(b));54 hydration of nitriles (Scheme 1.13(c));55 [2+2+2] cycloaddition of 
1,6-heptadiyne with norbornene (Scheme 1.13(d)); 56  Diels-Alder reaction (Scheme 


























X = H, (E)-CH=CHPh,







(a) Dimerization of terminal alkynes
(b) Hydration of terminal alkynes
(c) Hydration of nitriles
RCN






























L2 = dppm, dppe, L = PPh3
 
More prominently, are the superiority shown by [(Ind)Ru] catalysts in redox 
isomerization and polymerization reactions. 
 1 was found to be catalytically active in redox isomerization of allyl and 
propargyl alcohols. 1 proved to be a better catalyst than its Cp counterpart in its tolerance 
towards the presence of other functional groups in allyl alcohols and in rate enhancement 
(Scheme 1.14).59  




OH O5% Ru cat.
10% (C2H3)3NHPF6





Redox Isomerization of propargyl alcohols
Ru cat.
 
 1 also exhibits excellent catalytic activity in living radical polymerization of 
methyl methacrylate (MMA) and styrene to give polymers of narrow molecular weight 
distributions (MWDs) of ~1.1 (Scheme 1.15). The ease of ring slippage in 1 and its 
relatively low redox potential are the key factors that make it such an efficient catalyst. 
The more electron-donating nature of the indenyl ligand compared to its Cp analogue 
increased the rate of interconversion between dormant and radical species, which led to 
better control of number-average molecular weight, Mn and narrow MWDs. 60  The 
authors designed another indenyl Ru catalyst, [(2-Me2N-Ind)Ru(PPh3)2Cl], which has a 
dimethylamino substituted indenyl ligand with higher electron-donating ability and lower 
redox potential. This catalyst increased the rate of reaction compared to that of 1 and 














Radical species Dormant species
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1.4 Objectives 
 In view of the possible enhancement in activity conferred by the indenyl ligand to 
the metal center, we have decided to investigate the synthetic, reactivity and structural 
aspects of [(Ind)Ru] complexes towards various donor ligands. Hence, the aims of this 
thesis are: 
(i) To study the reactivity of [(Ind)Ru] complexes towards nucleophiles 
containing different donor atoms, e.g. phosphine ligands, N-containing ligands, 
thiolates, mixed-donor ligand, heterocyclic thiolates and 1,1-dithiolates. 
(ii) To study the catalytic activity of [(Ind)Ru] complexes towards homo-coupling 
of terminal alkynes, and cross-coupling of terminal alkyne and carboxylic 
acids. 
(iii) To study the reactivity of [(Ind)Ru] complexes towards the metal fragment 
[Co(CO)4]-. 
(iv) To develop methodologies for the synthesis of tethered-indenyl Ru(II) 
complexes. 
 
It is hoped that the results obtained will contribute to the understanding of the 
effect of co-ligands in Ru complexes on the ease of ring slippage of the indenyl ligand, 
on the catalytic activity of [(Ind)Ru] complexes and the redox potentials of the [(Ind)Ru] 
complexes. These results will provide a comparison of the chemistry of [(Ind)Ru] 
complexes with their Cp analogues.62 
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Chapter 2 Reactivity studies of [(Ind)Ru] complexes towards P-, N- 
and S-containing ligands 
2.1 Introduction  
This chapter will deal with results for substitution reactions of [(Ind)Ru(PPh3)2Cl] 
1 with different phosphine ligands, particularly those with ferrocene backbone (e.g. 1,1’-
bis(diphenylphosphino)ferrocene (dppf), [(R)-1-[(S)-2-(diphenylphosphino)ferrocenyl] 
ethyldicyclohexylphosphine] [(R)-(S)-Josiphos], followed by the reports on reactivity 
studies of the substituted product, [(Ind)Ru(dppf)Cl] 3 towards various donor ligands. 
Comparative studies using different [(Ind)Ru] complexes, i.e. [(Ind)Ru(dppm)Cl] 27, 
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2.1.1 General properties and metal chemistry of 1,1’-
bis(diphenylphosphino)ferrocene (dppf) 
The chemistry of phosphine organometallic complexes has been well established 
in the last four decades,63 with interest being fuelled by their roles in medicinal and 
catalytic applications.64 More recently, the role of metallophosphine ligands, e. g. of the 
symmetrical and unsymmetrical ferrocenyl type, in catalysis, 65 structural studies,65a, 66 
electrochemical studies 65a,66 and chemotherapeutic potential for cancer treatment, 67  are 
increasingly investigated, as the ligands become more readily available.68 The ferrocene-
containing organophosphines of interest in this thesis are 1,1’-
bis(diphenylphosphino)ferrocene (dppf) 69 and [(R)-(S)-Josiphos].70 
The dppf ligand was first synthesized and reported in 1965. Subsequent 
modification on the synthesis by adding N, N, N’, N’-tetramethylethylenediamine 
(TMEDA) has improved the yield (Scheme 2.1).71 
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2.1.1.1  Spectroscopic properties 
 The most useful diagnostic tool in characterization of dppf complexes is NMR 
spectroscopy, which can provide information on the coordination modes of the dppf 
ligand, symmetry and fluxional behaviour of the complexes. The 31P chemical shift of a 
phosphine ligand was found to be closely associated with the electronic properties of its 
substituents, stability of the chelate ring size and the cone angle of the phosphine 
ligand.63b,65a, 72  The cone angle of dppf has not been measured, but a recent paper 
estimated it to be similar to that of PPh3 and dppb (145 º).73 The 31P NMR signal of a free 
dppf ligand appears at δ -17.2 in CDCl3 as a singlet. Upon coordination to a metal, dppf 
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2.1.1.2  Coordination Modes 
 One of the noteworthy properties of dppf ligand is its ability to bind to transition 
metal via various coordination modes. The conformational flexibility of dppf reflects the 
versatility of this ligand in accommodating steric demands of the surrounding molecular 
environment. The flexibility of dppf can be attributed to the torsional twist about the 
Cp(Centroid)···Fe···Cp(Centroid) axis and the tilt towards or away from the Fe center. 
Different conformations of dppf as a result of different torsional twist are depicted in 
Chart 2.1. Table 2.1 gives common coordination modes observed in dppf-containing 
complexes together with their examples. 
 
Chart 2.1.  Conformations of dppf arising from Cp…Fe…Cp tortional twist 
 
 
Even though dppf can adopt many coordination modes, it acts mainly as a 
chelating (B) and bridging (C) ligand.74 However, the unidentate η1-dppf (A) is rare, with 
only one structurally characterized example, which consists of a Co dimer, bridged by a 
dimethyl acetylenedicarboxylate 75  Other reported unidentate dppf complexes, e.g. 
Fe(CO)4(η1-dppf)77 and M(η1-dppf)(CO)5 (M = Cr, Mo, W) 76 , are not structurally 
characterized. Quasi-closed bridge (D), closed bridge (E) and double-bridge (F) are not 
known to group 8 metal complexes, but are common in complexes of group 10. 
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Table 2.1. Common coordination modes of dppf and their examples. 
Coordination modes  Examples 
Unidentate (A) M P P Fe(η
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2.1.1.3  Electrochemistry 
 The electrochemistry of ferrocene-typed ligand has attracted much interest 
because modification of the redox potential of the ferrocene/ferrocenium couple can be 
observed (i) upon substitution on the Cp rings of the ferrocene (ii) complexation of the 
ferrocene-typed ligand and (iii) by various coordination modes of the ligand.
 [Cp*Ru(dppf)H] 2.1 featured one of the rare metal hydrides that showed 
reversible oxidation processes.83 The electrochemical characteristic of this complex also 
enabled it to act as a “redox switch” model for the H2-activating center of hydrogenase.  
 Inspired by the unique electrochemical properties of 2.1, Sixt et. al. studied the 
electrochemistry coupled with EPR and UV spectroscopic studies of 2.1 and 
[(PCy)Ru(dppf)Cl]+ 2.2 (PCy = CH3C6H4C(CH3)2) (Chart 2.2),84 which showed the order 
of oxidation was largely dependent on the electron-donating properties of the capping 
















M = Ru, Os;
R = Et (depf), iPr (dippf), Ph (dppf)
2.1
 
Ru(dppf) moiety was also employed as redox-active termini in metal complexes 
with conjugated carbon bridge 86  or with conjugated hydrocarbon ligand (e.g. 
allenylidene).87 This class of complexes has attracted much attention due to its great 
potential in molecular electronics. [Cp(dppf)Ru-C≡C-R-C≡C-Ru(dppf)Cp] offered richer 
electronic interactions and multiple redox properties due to the presence of both Ru and 
Fe redox centers.  
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2.1.1.4  Catalysis 
 Dppf complex of Pd, PdCl2(dppf), emerged as extremely efficient catalyst in cross 
coupling reactions of Grignard reagents or alkylzinc substrates with organic 
bromides.88,89 The enhanced catalytic activity in Pd(dppf) complex was attributed to a 
delicate balance between steric and electronic influences of the ligand, which was shown 
by its flexible bite size and angle. 
 Recently, a 16-e [(η3-2-MeC3H4)Ru(CO)(dppf)][SbF6] 2.3 was reported to 
catalyze propargylic substitution and isomerization of 1,1-diphenyl-2-propyn-1-ol 





















ROH / 75  C°
5 mol % 2.3
 
 Complex 2.3 not only showed higher catalytic activity than other Ru catalysts, it 
was also the first example that showed excellent tolerance towards various functional 
groups with high chemoselectivity. 
 Two other Ru(dppf) complexes, 2.4 and 2.5, showed exceptional catalytic activity 
in transfer hydrogenation of ketones, which led to almost quantitative conversion within 





















P P = dppf, dippf;









X = Cl; R = CH2Ph
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Complexes 2.4 and 2.5 also belong to the limited series of efficient catalysts 
containing ligands with no N-H functionalities, as it is well-known that the presence of an 
NH group is required to achieve efficient ketone transfer hydrogenations.93 
 Besides having interesting electrochemistry, [Cp*Ru(dppf)H] 2.1 also catalysed 
the reduction of methyl viologen with H2, making it a unique functional model of [NiFe] 
hydrogenase enzymes.  
Other Ru(dppf) complexes, such as [Ru(=CH2Ph)(dppf)Cl2] and RuCl3.xH2O with 
dppf, showed catalytic activity in ring opening metathesis polymerization (ROMP) and 
generation of H2 from isopropanol, respectively.94,95 
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2.1.2 General properties and catalytic applications of [(R)-1-[(S)-2-
(diphenylphosphino)ferrocenyl]ethyldicyclohexylphosphine] [(R)-(S)-Josiphos] 
 
 The synthesis of [(R)-(S)-Josiphos] was first reported by Togni and Spindler in 
1994 (Scheme 2.4).70 The flexible and high yield synthetic methodologies, which enable 
the introduction of two ligating moieties separately, have led to the development of a 


















The interest in Josiphos ligands, along with a vast number of chiral ligands is 
mainly driven by their vital roles in metal-catalyzed enantioselective transformation. 65b,96 
However, only a handful of chiral catalytic systems are utilized in regular organic 
synthesis. Josiphos ligands, with excellent catalytic performance in both 
enantioselectivity, catalytic productivity (turnover number, TON) and catalytic activity 
(turnover frequency, TOF), and their easy availability due to simple synthetic 
methodologies have made them a popular class of chiral ligands for catalytic 
applications.65b
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2.1.3 General properties of thiolates, heterocyclic thiolates and 1,1-dithiolates 
Organoruthenium-sulfur chemistry is a topic of interest because of their 
applications in biological model for redox-active metalloproteins,97 industrial model for 
hydrodesulfurization,98 in nitrogen fixation processes99 and many others. In this section, 
the chemistry of reported Ru complexes with S-containing ligands will be presented. 
 
2.1.3.1  Ruthenium thiolato complexes 
The monothiolate group (-SR) is a fundamental monodentate ligand type. The 
electronic structure and reactivity are comparable to some extent to those of halide 
ligands, e.g. a terminal monodentate –SR ligand can often replace or be replaced by a 
halide ligand.100 Thiolates are versatile ligands. They can coordinate to one, two or three 
metal centers, hence being an important structural component in metal cluster species. 
Most organoruthenium thiolate complexes are prepared via halide elimination in 
halogeno complexes with thiolate salts (Scheme 2.5(a)).101 Besides, organotin thiolate 
reagents can also be employed in the synthesis of ruthenium thiolate complexes (Scheme 
2.5(b)).102 Oxidation of coordinated thiol by atmospheric oxygen (Scheme 2.5(c)) 103  or 
redox reaction between [CpRu(CO)2]2 and diphenyl disulfide initiated by photolysis 





















L = L' = PPh3
R = 1-C3H7, CHMe2, 4-C6H4Me
+ NaSR, THF reflux
R = Ph; L = L' = CO, PPh2(OMe), PPh(OMe)2, P(OMe)3, P(OiPr)3, PMe3
             LL' = dppe; L = CO, L' = PPh3











(b) Organotin thiolate reagents














The ability of thiolate ligands to bridge between two metal fragments led to the 
instability of CpRu(PPh3)2SR, which tends to dimerize or trimerize. Indeed, this complex 
converted to a trinuclear Ru cluster in hot toluene, with the loss of all PPh3.105 This 
reactivity was attributed to activation via π-donation by the thiolato ligand and steric-
accelerated loss of PPh3. Similar trimerization was also observed in [IndRu(PPh3)2SR], 
the only reported IndRu thiolate complex, to give [IndRu(SEt)]3 2.6 (Scheme 2.6(a)).101b 
Carbonylation of 2.6 led to triruthenium cluster, 2.7, together with a dimer species, 2.8. 
Contrastingly, its CpRu analogue could not be carbonylated (Scheme 2.6(b)). Addition of 
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MeI to 2.6 led to the isolation of a cationic cluster species, 2.9, with one bridging SEt 
methylated selectively (Scheme 2.6(c)). While 2.6 was oxidized in refluxing CHCl3 to 
give [IndRu(SEt)Cl]n 2.10, the reaction of its CpRu analogue was sluggish and no 
oxidation product could be isolated (Scheme 2.6(d)). The enhanced reactivity of 2.6 

























































L = Cp, R = 1-C3H7
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2.1.3.2  Ruthenium complexes containing heterocyclic thione donors 
The chemistry of CpRu-thiolate complexes has been extensively explored as 
discussed in the earlier section. However, half-sandwich ruthenium complexes containing 
heterocyclic thiolate/thione are extremely rare. 
The interest in heterocyclic thione ligands stems from their biological applications 
(e.g. T-cell mediated anti-tumour activity of 6-mercapto-purine, 106  imidazole-thione 
derivatives as biomimetic models for cysteine proteases107) and industrial applications 
(e.g. metal-chelating agents, lubricant additives such as corrosion inhibitors and antiwear 
agents, cross-linkers for polymers, vulcanization of rubber and others) 108 . Besides, 
coordination potentials of these heterocyclic molecules are also of interest, as they 
contain a combination of donor-atoms (N, O, S). These compounds were found to 
tautomerize in solution, immediately prior to the formation of the metal-ligand bond 
(Scheme 2.7).109 There has been continuous effort in determining the relative stability of 
thiol and thione.109,110 From structural evidence and other spectroscopic information, it 
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Half-sandwich Ru complexes with heterocyclic ligand are so scarcely explored 
that only one example has been reported.111 [CpRu(PPh3)2Cl] 1a reacted with thiolate of 
2-mercaptobenzimidazolyl, 2-mercaptobenzothiazolyl and 2-mercaptobenzoxazolyl to 
give the corresponding thiolate complexes, 2.11 (Scheme 2.8(a)). If diphosphine ligands 
are present in the reaction mixture, the corresponding diphosphine Ru complexes, 2.12, 
can be isolated (Scheme 2.8(b)). The coordinated PPh3 ligand in 2.11 can be displaced by 


























PP = dppm, dppe
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2.1.3.3  Ruthenium complexes containing 1,1-dithiolate ligands 
1,1-Dithiolate compounds (Chart 2.3) represent a class of versatile ligands which 








































The enormous effort in the research of 1,1-dithiolates and their transition metal 
complexes has resulted in many extensive reviews dedicated to their rich chemistry.112,113 
The interest in the chemistry of these complexes was mainly driven by their useful 
applications in industry and agriculture, i.e. rubber vulcanization accelerators, flotation 
agent for mineral ores, stabilizers for polymer compositions, additives in lubricant oils, 
extraction reagents for metal, fungicides, pesticides and many others.112  
1,1-dithiolate can be depicted in several resonance structures (Scheme 2.9), hence 
implying a certain amount of delocalization in the electronic structures of these 
ligands.112c,114 This has been further supported by the observed short C – S distance, ~ 1.7 
Å (c.f. 1.81 Å for C – S single bond) in  the X-ray structures of Na(S2CNEt2).3H2O and 
K(S2COEt). 115,116 
 





















The characteristics of dithiocarbamate in (i) stabilizing metal complexes in 
various oxidation states, (ii) restricted rotation around the carbon-nitrogen bond upon 
complexation, and (iii) lower oxidation potential in [Ru(bpy)2(S2CNEt2)] (bpy = 2,2’-
bipyridine) compared to its xanthate (S2COEt) analogue,117 are attributed to the three 
resonance structures of I, II and III. On the other hand, the contribution of resonance 
structure of III in xanthate ligand is not as important because the development of positive 
charge at the more electronegative oxygen atom is relatively unfavourable. 
The three commonly observed coordination modes of dithiocarbamate, xanthate 
and dithiophosphinate ligands are monodentate, bidentate and bridging modes. Table 2.2 
gives the common coordination modes of 1,1-dithiolate and their examples. There also 
exists some rare modes that can be found in dithiocarbamate and xanthate complexes. 
One instance is the unusual interactions between the S and C atoms of S2COEt with the 
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Other examples in dithiocarbamates are coordination via S and N (which led to 
localization of π character of the ligand) or via non-innocent substituents which created 
multiple coordination sites (Chart 2.5). Although these coordination modes are 
theoretically possible and have been proposed by authors based on spectroscopic data, the 

























Proposed S,N-binding mode Proposed linkage isomerism
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Table 2.2. Common coordination modes of 1,1-dithiolates and their examples 
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The reactivity studies of Cp-typed ruthenium complexes towards dithiocarbamate 
and xanthate ligands were usually proceeded via halide elimination of [L’Ru(PPh3)2Cl] 
(L’ = Cp, Cp*, CH3C5H4, CH3COC5H4) by S2CNR2- or S2COR- salts. The incoming 
dithiolate ligand may coordinate to the ruthenium center either through monodentate or 
chelating binding mode (Scheme 2.10). 129 , 130  Reventos and Alonso suggested that 
coordination of bidentate dithiolates is a step-wise process (Scheme 2.11). 
[CpRu(PR3)2(η1-S2CZ)] must be intermediates in the formation of the corresponding 
thermodynamically-stable chelate species. The authors attributed the isolation of the 
monodentate dithiolate complexes to the insolubility of the complexes in the solvent used, 










R = H; R' = R'' = Et
+   -S2CZ ; 
Z = OMe, OEt, OiPr, NEt2
R = H; R' = MeiPr2; R'' = Ph








































R = H; Z = OC6H11
R= CH3; Z = OMe
Isolated products:
R = H or CH3; 
Z = OR (R = Me, Et, C6H11)
       NR (R = Et2, (CH2)4
MS2CZ
MCl PPh3
R = OCH3; 
Z = OR (R = Me, Et) 
       NR (R = (CH2)4)  
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In some instances the η5-coordinated Cp-typed ligand was displaced, giving a 6-
coordinated ruthenium complexes comprising of two chelating dithiolate ligands and two 
phosphine ligands (Scheme 2.12).131,132 Interestingly, this reaction can be reversed by 



















Other synthetic methodology to effect Ru(dithiocarbamate) complexes includes 
reacting metal complexes with non-coordinated (Scheme 2.13(a)) or coordinated 
(Scheme 2.13(b)) amine and CS2 in the presence of a base.133 The coordination of a 
isothiocynate ligand onto a Ru(thiolate) complex, followed by insertion into the Ru – S 
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A vast number of dithiophosphinate complexes have been studied in details.113, 135 
However, group 8 dithiophosphinate complexes are not as well-studied as their group 6 
counterparts.113,135 Most of the known Ru or Fe dithiophosphinate complexes are of 
RuLL’(S2PR2)2 (L = L’ = PMe2Ph, R = Et; L = CO, L’ = PPh3, R = Ph) or M(S2PR2)3 (M 
= Ru or Fe, R = 2,4-dimethylphenyl; M = Ru, R = 3,4-dimethylphenyl, 2-methyl-5-
chlorophenyl, 3,4-dichlorophenyl, p-tolyl). These complexes can be synthesized by either 
halide elimination of MCl3 (M = Fe, Ru) or RuCl3(PMe2Ph)3 with dithiophosphinate salt 
136 or by redox reaction of Fe(CO)5 with bis(thiophosphinyl)disulfanes.137 
 The reaction of [(η6-C6H6)RuCl2]2 with 2 equivalents of NaS2PR2 (R = Me, Ph) 
led to the isolation of a Ru monomer with mono- and bidentate formulation [(η6-
C6H6)Ru(η2-S2PR2)(η1-S2PR2)] based on spectroscopic data.138 On the other hand, halide 
abstraction of [CpRu(PR3)2Cl] by dithiophosphinate salts led to monodentate 
dithiophosphinate Ru complexes, [CpRu(PR3)2(η1-S2PR’2)]. The monodentate S2PR’2 
ligand was found to exchange from monodentate to chelating mode, with the loss of a 
















R = Ph, C6H4Me-p
R' = OEt, OnPr, OiPr, OnBu, Ph
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2.2 Results and Discussion 
2.2.1 Reactions of [(L)Ru(PPh3)2Cl] (L = Cp 1a, Ind 1) with phosphine 
ligands 
2.2.1.1 Reactions of 1 with IndH(CH2)2PPh2 (LH), dppf and tripod  
As in [CpRu(PPh3)2Cl] 1a, the substitution lability  of PPh3 in [(Ind)Ru(PPh3)2Cl] 
1 has provided an easy entry to various [(Ind)Ru] complexes. For instance, 
[(Ind)Ru(diphos)Cl] had been synthesized from reaction of [(Ind)Ru(PPh3)2Cl] 29 by 
substitution with the desired diphos in refluxing toluene. Adopting the reported procedure 
for the synthesis of (Ind)Ru(dppe)Cl (dppe = 1,2-bis(diphenylphosphino)ethane),50 
phosphine substitution of 1 at elevated temperature in toluene gave air- and moisture- 
stable red solids of the mono-phosphine substituted complex 
[(Ind)Ru(Ph2P(CH2)2IndH)(PPh3)Cl] 2, containing (1-indenylethyl)diphenyl phosphine 
ligand LH (Scheme 2.15(a)), the diphosphine-substituted complex [(Ind)Ru(dppf)Cl] 3 
with dppf (Scheme 2.15(b)), and a totally-substituted complex 
[(Ind)Ru(Ph2PCH2)3Me]PF6 [4]PF6 with the tripodal triphos ligand (Ph2PCH2)3CMe 










































It is anticipated that phosphine substitution of 1 will be facilitated by the release 
of steric stress in the coordination sphere via dissociation of one or both of the bulky 
PPh3 ligands. It is very likely the driving force in the formation of 2, as the ligand LH is 
less bulky than PPh3. In the cases of 3 and [4]PF6, the reactions are additionally driven by 
the chelating effect of the incoming di- and tri-phosphine ligand, respectively. 
The 1H NMR spectrum of 2 shows four multiplets in the range δ 1.79 – 3.52, 
assigned to the four inequivalent methylene protons on LH. The CH2 protons of the 5-
membered ring of LH resonate at δ 2.93 while the olefinic proton resonates at a higher 
field at δ 6.5. On the other hand, the protons H1-3 (see experimental section for numbering 
scheme) of the η5-coordinated Ind ligand resonate at δ 4.95 – 5.00 and δ 5.78. The 31P 
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NMR spectrum shows two doublets at δ 46.5 and δ 50.0 with 2JPP = 42.9 Hz, due to the 
coupling of the two inequivalent phosphorus atoms.  
The 1H NMR spectrum of 3 shows an ABCD pattern for the proton signals of the 
ferrocene rings at δ 3.66, 3.83, 3.90 and 4.20, suggesting an eclipsed conformation for the 
chelating dppf ligand in 3;140 this was supported by the X-ray single crystal diffraction 
analysis. The Cp proton signals of the η5- indenyl ligand appear at δ 4.66 (H1) and 5.57 
(H2,3). The latter resonance is 1.67 ppm downfield shifted from that in the bis(PPh3) 
analogue, owing to relief from the shielding effect caused by the ring current of the Ph 
ring of PPh3 on H2 and H3 in 1.2,141  
The 1H NMR spectrum of [4]PF6 shows a multiplet at ~ δ 1.5 and a broad singlet 
at ~ δ 2.39, assigned to the methyl and methylene groups of the tripod ligand, indicating 
fluxionality of these groups in solution. However, a sharp singlet at δ 39.9 in 31P NMR 
spectrum indicates equivalent chemical environment for the three coordinated phosphine 
atoms of tripod. The proton resonances of H1 and H2-3 of the indeny ligand appear at δ 
5.51 and 5.57, while H4-7 appear as two characteristic 4-line multiplets at δ 7.31 – 7.34 
and δ 7.43 – 7.47, respectively.  
 
Crystallographic studies 
The molecular structures of 2, 3 and [4]+ have been determined by single crystal 
X-ray crystallographic studies; their ORTEP diagrams are shown in Figures 2.1-2.3, 
respectively, and selected bond parameters are compared with those of CpRu(dppf)Cl 62 
in Table 2.3. 
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Figure 2.1. ORTEP diagram of 2. Thermal ellipsoids are drawn to 50% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond lengths: C1 – C2 = 1.530(7) Å; C2 
– C3 = 1.506(6) Å; C3 – C11 = 1.329(7) Å ; C3 – C4 = 1.454(7) Å; C4 – C5 = 1.375(7) 
Å; C5 – C6 = 1.388(8) Å; C6 – C7 = 1.374(9) Å; C7 – C8 = 1.368(9) Å; C8 – C9 = 
1.3859(8) Å; C9 – C4 = 1.401(7) Å ;C9 – C10 = 1.513(8) Å; C10 – C11 = 1.494(7) Å. 
Other bond parameters are given in Table 2.3. 
 
Figure 2.2. ORTEP diagram of 3. Thermal ellipsoids are drawn to 50% probability level. 
Hydrogen atoms are omitted for clarity. 
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Figure 2.3. ORTEP diagram of [4]+. Thermal ellipsoids are drawn to 50 % probability 
level. Hydrogen atoms are omitted for clarity. 










Complexes 2 3 [4]+ [CpRu(dppf)Cl]62 
Δ / Å # 0.182 (5) 0.193 (4) 0.182 (5) - 
Hinge Angle (HA)/° # 7.43 7.69 7.71 - 
Fold Angle (FA)/° # 11.22 11.02 15.62 - 
 
C* – Ru1§ 1.913 (5) 1.901 (4) 1.973 (5) - 
Ru1 – P1 2.2568 (14) 2.2556 (9) 2.3120 (13) 2.2858 (14) 
Ru1 – P2 2.3160 (14) 2.2959 (9) 2.2479 (14) 2.2844 (13) 
Ru1 – P3 - - 2.3170 (13) - 
Ru1 – Cl1 2.4194 (14) 2.4434 (9)  2.4443 (13) 
 
P1 – Ru1 – P2 96.71 (5) 98.22 (3) 88.81 (5) 95.04 (5) 
P2 – Ru1- P3 - - 86.19 (5) - 
P1 – Ru1 – P3 - - 87.93 (5) - 
P1 – Ru1 – Cl1 89.78 (4) 90.99 (3) - 93.20 (5) 
P2 – Ru1 – Cl1 90.56 (5) 90.43 (3) - 89.48 (5) 
§ C* = centroid of the 5-membered ring, C1, C2, C3, C3a and C7a. 
# Slip-fold parameters as defined in ref. 12  
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The molecular structures of 2 and 3 show Ru hexa-coordinated to Ind, a Cl atom 
and two phosphorus atoms i.e. from PPh3 and IndH(CH2)2PPh2 in 2 and from chelating 
dppf in 3. The molecular structure of [4]+ consists of a mononuclear cation [(η5-
Ind)Ru(tripod)]+ and PF6- anion, together with two molecules of dichloromethane, one of 
which is disordered.  
A general, yet prominent structural feature of η5-indenyl complexes is the 
distortion from η5- to η3-coordination, equivalent to an allyl-ene bonding description for 
the C5 ring. Such a distortion is found in 2, 3 and [4]+, as evident from the values of their 
slip distortions (Δ) and hinge angles (HA), which fall in the range of small or moderate 
distortion towards a η3 binding mode.12 The slightly larger distortion in 3 (longer Δ) is 
probably a result of the stronger σ-donor capability of dppf.28 The unusually large fold 
angle (FA) in [4]+ likely arises from the steric congestion created by the phenyl rings of 
the tripod ligand, which causes the benzenoid ring of the indenyl ligand to twist upwards, 
thereby increasing the FA. This steric congestion is also reflected in the significantly 
longer C*-Ru1 bond distance. 
The “ene” character of the “dangling” ethylindene substituent of LH in 2 was 
identified by the short C3 – C11 bond length (1.329(7) Å), indicative of a C – C double 
bond.115 The C – C bond lengths of the benzenoid ring has an average of 1.382 Å, 
consistent with aromaticity of the ring.115  
The metric data for the structures of 2, 3 and [4]+ are significantly different from 
those of CpRu(dppf)Cl.62  While the Ru1 – P bond lengths in the latter complex are 
almost identical, the two Ru1 – P bond lengths in each of 2, 3 and [4]+ differ substantially 
(Δ = 0.04 – 0.07Å), probably due to the steric repulsion between the benzenoid ring of 
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the indenyl ligand and the phenyl rings bonded to P2, which are situated directly below 
the benzenoid ring. The Cp rings of dppf in 3 are almost eclipsed (synperiplanar), with 
torsional angle (τ) of 4.3 °, and the rings are tilted at an angle of 6.3 °. The P1 – Ru1 – P2 
angle of 98.22 ° is larger than those in 2 and [4]+, undoubtedly due to the expanse of the 
dppf ligand. However, the value, like that of the Cp analogue (95.05 °), falls in the range 
91.6 º – 102.2 º reported for Ru(dppf) complexes.66  
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2.2.1.2. Reactions of 1 and 1a with (R)-(S)-Josiphos and epimerization kinetics 
Phosphine substitution of 1 or 1a by the ferrocene-based chiral diphosphine 
ligand, (R)-(-)-1-[(S)-2-(diphenylphosphino)ferrocenyl]ethyldicyclohexylphosphine ((R)-
(S)-Josiphos) can likewise be achieved at elevated temperature (Scheme 2.16). Due to the 
inequivalence of the two phosphine atoms in (R)-(S)-Josiphos and the pseudotetrahedral 
geometry of 1 and 1a, a pair of diastereomers is formed, as displacement of PPh3 by 
























The reaction can be followed conveniently by 1H and 31P NMR spectroscopy 
(described below). It was found that an 8 h reflux generated a 1:1:3:2 equilibrium mixture 
of 1, free Josiphos, R-[(Ind)Ru(Josiphos)Cl] R-5 and S-[(Ind)Ru(Josiphos)Cl] S-5 
diastereomers. The reaction did not go to completion even after prolonged heating; 
instead, a decomposition product with a resonance at δ 24.9 in 31P NMR spectrum was 
formed. Attempts to separate the reaction mixture by fractional crystallization proved 
futile as solubility of 1 and 5 are quite similar. Pure R-5 can be isolated by liquid 
chromatography, with ‘loss’ of the S-5 isomer. 
A similar reaction of 1a with (R)-(S)-Josiphos (1:1) for 1.5 h gave a 1.5:1 molar 
mixture of R- and S-[CpRu(Josiphos)Cl] 6 diastereomers. Further heating caused 
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epimerization of S-6 to R-6, with complete conversion in 8 h, indicating that S-6 is the 
kinetic product, while R-6 is the thermodynamically more stable isomer (Scheme 2.17). 
Analogous displacement reactions of 1a by chiral diphosphines were reported to be 
stepwise, as illustrated by NMR spectral studies.142 However, in this case of (R)-(S)-
Josiphos, the chelation process was observed to be concerted. This was indicated by the 
simultaneous appearance of two new sets of doublets, corresponding to R-6 and S-6, 






















Pure R-6 can be isolated by either liquid chromatography or by fractional 
crystallization. Isolation of pure S-6 was in vain, owing to epimerization to R-6, despite 
attempts to slow down the process by the presence of free ligand (see kinetic studies 
below); the process was found to be accelerated on a silica-gel column. 
The configuration at the metal center of 5 was determined by matching the 
coupling constants of the pair of doublets observed in 31P NMR spectrum to those of 6 
(structurally-determined R-6 possesses δ 37.5 and 67.2, (2JPP = 53.4 Hz) and S-6: δ 49.3 
and 68.1 (2JPP = 49.6 Hz)). Based on these, the resonances for the diastereomers were 
assigned as follows: a pair of doublets at δ 36.0 and δ 77.3 (2JPP = 53.4 Hz) for R-5, and δ 
60.5 and δ 68.4 (2JPP = 49.6 Hz) for S-5. In the 1H NMR spectra of R-5 and R-6, the 
cyclohexyl protons resonate as broad signals from δ 0.6 to δ 2.7, with the Me resonance 
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sitting on top of one of the broad signals. The Cp protons of Josiphos in R-5 and R-6 
resonate in the range from δ 3.68 to δ 4.30. Protons signals at δ 5.34 (H1) and 5.73 (H2,3) 
are assignable to protons of η5-Ind in R-5. In R-6, the protons of η5-CpRu are observed at 
δ 4.49. 
The spectral data of S-5 and S-6 were extracted from NMR spectrum of mixtures 
by eliminating the resonances assigned to their R isomers and starting materials. The 31P 
resonances of both S-5 and S-6 can be easily identified, as they are very well resolved. 
However, their 1H resonances overlapped extensively with those of the corresponding R 
isomers, with the exception of the singlets at δ 3.56 in S-5 and 3.89 in S-6, which belong 
to the protons of the Cp rings of Josiphos. 
The X-ray crystal structure of R-6 was also obtained. A view of the molecule is 
shown in Figure 2.4, together with selected bond parameters. The cyclopentadienyl ring 
is slightly distorted, with a hinge angle of 2.22 ° and Δ of 0.037 Å. The bond lengths of 
Ru1-P, Ru1-Cl1 and average Ru1-C (of Cp ring) are comparable to that of [S-
RuCl(Cp)(R-dppp)].143 The longer Ru1-P2 compared to Ru1-P1 in R-6 is also observed 
in the crystal structure of trans-RuCl2((R)-(S)-Josiphos)(py)2.144  
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Figure 2.4. ORTEP diagram of R-6. Thermal ellipsoids are drawn to 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond parameters: Δ = 0.037(4) Å; 
HA = 2.22°; C*–Ru1 = 1.858(4) Å; Ru1–P1 = 2.2804(11) Å; Ru1–P2 = 2.3115(11) Å; 
Ru1–Cl1 = 2.4525(11) Å; P1–Ru1– P2 = 90.22(4)°; P1–Ru1–Cl1 = 89.22(4)°; P2–Ru1–
Cl1 = 90.41(4)°. 
 
Epimerization kinetics  
Since both complexes 5 and 6 undergo S Æ R epimerization, it would be desirable 
to investigate their configurational stability and racemisation processes, which often 
determine the potential of chiral-at-metal complexes in homogeneous catalysis. Complex 
6 was chosen to be investigated instead of 5, as the latter suffers from complications of 
thermal instability.   
1H and 31P NMR spectral observations of the reaction of 1a with Josiphos showed 
that the rate of epimerization was markedly dependent on the concentration of free 
Josiphos in the reaction mixture. Thus, three experiments were carried out with keeping 
Josiphs, J at 10 mM, and varying the molar ratio of 1a to Josiphos. The results are given 
in Chart 2.6.  In all three experiments, R-6 and S-6 were formed in about 1.2:1 ratio in the 
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first 10 minutes of the reactions. Subsequently, ratio of R-6 to S-6 increases rapidly in 
reactions A and B, as epimerization proceeds at approximately similar rates, reaching a 
ratio of ca. 3 in 30 min., followed by sharp increase to 118 at 90 min. (reaction A), and  
83.5 at 100 min. (reaction B). It was observed that Josiphos was totally consumed at 30 
min. in reaction A, but was slowly consumed in reaction B to a negligible amount at ca. 
50 min. Epimerization was observed to be extremely sluggish in reaction C, with R-6/S-6 
ratio remaining at ~1.5 up to 135-min, followed by a slow increase to ca. 10 in 500 min. 
with or without heating.  
























Chart 2.6. A plot of ratio of R-6/S-6 vs time for the reaction of 1a with Josiphos (J).  
[J]=10mM 
It is interesting to note that a slight excess molar ratio of free Josiphos (0.5 molar 
ratio) in the reaction mixture retarded the epimerization process significantly. However, it 
is still not clear to us why the presence of free Josiphos inhibited the epimerization 
[1a]:[J] = 1.5:1.0 
[1a]:[J] = 1.0:1.0 
[1a]:[J] = 1.0:1.5 
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process. Nevertheless, this interesting observation provides us a useful way to control the 
rate of epimerization. 
Complex R-6 was observed to exhibit configurational stability in solution 
indefinitely, even at elevated temperature. As configurational stability is an asset for 
catalyst performance to give high enantioselectivity, R-6 has good catalytic potential, 
especially for transfer hydrogenation of ketones, as was found for chiral-at-metal 
organoruthenium complexes. 145   
 
2.2.1.3. Conclusion 
[(Ind)Ru(PPh3)2Cl] 1 has been prepared and mono-, di- and tri- substitution 
derivatives have been obtained with the mono-phosphine ligand LH, dppf and tripod, 
respectively. R- and S- diastereomers have been obtained with Josiphos, but only the 
thermodynamically stable R- isomer could be isolated pure. A similar result was obtained 
with CpRu(PPh3)2Cl. A preliminary study via 1H NMR spectroscopy of the Josiphos-
dependent epimerization process of the Josiphos derivative of this CpRu complex has 
been carried out.  
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2.2.2.  Reactions of [(Ind)Ru(dppf)Cl] 3 with N-containing ligands 
2.2.2.1. Reaction of 3 with CH3CN 
As in the case of 1 and 1a, chloro-substitution of 3 provides a convenient pathway 
to new derivatives. It was found that chloride abstraction with NaPF6 occurred readily in 
CH3CN under reflux, giving the yellow acetonitrile solvento complex 
[(Ind)Ru(dppf)(CH3CN)]PF6 [7]PF6 (Scheme 2.18). On account of the weakly bonded 
CH3CN ligand, [7]PF6, like its bis(PPh3) analogue,47a is anticipated to be a versatile 















The CH3CN ligand in [7]PF6 is seen in the IR spectrum (ν(C≡N) at 2276 cm-1) 
and in 1H NMR spectrum, which shows δ(Me) at 2.15. The Cp protons of dppf display a 
ABCD pattern, similar to that of 3. The protons of the indenyl ligand appear at δ 4.44 (H1) 
and 4.60 (H2,3), the former overlapping with the Cp proton resonance of dppf. The 
protons on the benzenoid ring of indenyl ligand emerge as two 4-line multiplets, at δ 6.63 
– 6.66 and δ 7.18 – 7.21, respectively. The 31P NMR spectrum shows a sharp singlet at δ 
50.7, assigned to the two chemically equivalent phosphorus atoms of dppf, and a septet at 
δ -144.1, assigned to the PF6- anion.  
 
Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 57
2.2.2.2. Reaction of 3 with azide and the cycloaddition reaction of the azido 
derivative with MeO2CC≡CCO2Me 
Treatment of 3 with NaN3 in ethanol at reflux for 4 h afforded [(Ind)Ru(dppf)N3] 












The 1H NMR spectrum of 8 shows resonances with an ABCD pattern, 
corresponding to the Cp protons of dppf. Protons of indenyl ligand resonate at δ 4.58 (H1) 
and 4.79 (H2,3). Resonances of H4-7 overlap with those of other phenyl protons. The 31P 
NMR spectrum of 8 displays a singlet resonance at δ 52.5. 
As at Pt(II)146 and Pd(II)147 centers, the azido ligand in 8 undergoes [3+2] dipolar 
cycloaddition reaction with dimethyl acetylenedicarboxylate, giving the N(2)-bound 4,5-
bis(methoxycarbonyl)-1,2,3-triazolato complex [(Ind)Ru(dppf)(N3C2(CO2Me)2)] 9 in 
55% yield from an ambient temperature reaction (Scheme 2.20). This useful synthetic 
route to heterocycles,148 has rarely been observed in half-sandwich ruthenium systems, 
there being only two previous cases, viz. [CpRu(dppe)] and [(Ind)Ru(dppe)], 
respectively.50,148 Despite the formation of 9, the success of the cycloaddition was found 
to be very dependent on the substituents on the acetylenic carbons; thus the reaction of 8 
with (CN)2C≡C(CN)2 or HC≡C(CO2Me) led to dissociation of the indenyl ligand  and did 
not yield any isolable product.  
















The 1H NMR spectrum of 9 shows a singlet resonance at δ 3.52 for the six 
methoxycarbonyl protons. The 31P NMR resonance appears at δ 56.8. The IR signals at 

















Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 59
2.2.2.3. Crystallographic studies 
Diffraction-quality single crystals of 8 and 9 were obtained from CH2Cl2/hexane. 
The ORTEP diagrams of 8 and 9 are shown in Figure 2.5 and 2.6, respectively.  
 
Figure 2.5. ORTEP diagram of 8. Thermal ellipsoids are drawn to 50% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond parameters: Δ = 0.163 Å; HA = 
6.85 °; FA = 8.70 °; C* – Ru1 = 1.892 Å; Ru1 – P1 = 2.2559 (5) Å; Ru1 – P = 22.3251 (6) 
Å; Ru – N1 = 2.1355 (18) Å; N1 – N2 = 1.192 (3) Å; N2 – N3 = 1.156 (3) Å; P1 – Ru1 – 
P2 = 97.744 (19) °; P1  Ru1 – N1 = 84.42 (5) °; P2 – Ru1 – N1 = 92.14 (5) °; Ru1 – N1 – 
N2 = 117.96 (15) °; N3 – N2 – N1 = 176.6 (2) °. 
Complex 8 crystallized in P-1 space group in triclinic unit cell. The slip-fold 
parameters of 8 fall in the normal range for η5-coordination.12 The Cp rings of the dppf 
ligand adopt a more stable synclinal staggered conformation, with torsional angle 39.09 º. 
The Ru1-N1 bond length of 2.1355(18) Å falls within the range of reported values for 
azido Ru complexes.149 The coordinated terminal azido ligand is almost linear, the N3-
N2-N1 angle being 176.6 (2) °. 
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The ORTEP diagram for the molecular structure of 9, illustrated in Figure 2.6, 
shows Ru coordinated to two phosphorus atoms of dppf ligand, heterocycle 
N3C2(CO2Me)2 via N(2) and an η5-indenyl ligand.  
 
Figure 2.6. ORTEP diagram of 9. Thermal ellipsoids are drawn to 50% 
probability level. Hydrogen atoms are omitted for clarity. 
Selected metric data of 9, including the slip fold distortion parameters are listed in 
Table 2.4, which also gives the metric data of its Ind/Cp dppe analogues for 
comparison.50,148 While these analogues possess very similar bond parameters, these 
differ appreciably from those of 9, especially the bond angles, resulting in the irregularity 
of the pentagonal heterocyclic ring in 9. These significant differences are no doubt a 
consequence of the bulkiness of the dppf ligand. It is seen in the structure of 9 that the 
heterocycle is hemmed in by the phenyl rings of the dppf; moreover N3 is nearer to the 
benzenoid ring of the indenyl ligand. Consequently, N3 is “squashed” in between, 
leading to the shortened N2-N3 bond length, and hence the irregular pentagonal structure.  
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Δ / Å 0.142 0.175 - 
Hinge Angle (HA)/° 5.25 - - 
Fold Angle (FA)/° 9.63 - - 
 
C* – Ru1 1.909 (8) 1.888 (1) - 
Ru1 – P1 2.3230 (18) 2.2396 (6) - 
Ru1 – P2 2.2646 (18) 2.2720 (6) - 
Ru1 – N2 2.070 (6) 2.0904 (18) 2.090 (2) 
N1 – N2 1.306 (8) 1.336 (3) 1.331 (3) 
N2 – N3 1.355 (9) 1.336 (3) 1.332 (3) 
N1 – C15 1.352 (10) 1.348 (3) 1.351 (3) 
N3 – C14 1.338 (10) 1.351 (3) 1.352 (3) 
C14 – C15 1.385 (11) 1.395 (3) 1.400 (4) 
    
P1 – Ru1 – P2 98.08 (6) 84.92 (2) 85.13 (3) 
P1 – Ru1 – N2 91.35 (17) 86.38 (5) 86.48 (6) 
P2 – Ru1 – N2 87.54 (16) 89.73 (5) 89.89 (6) 
Ru1 – N2 – N1 126.4 (5) - 121.4 (2) 
Ru1 – N2 – N3 121.1 (4) - 125.2 (2) 
N1 – N2 – N3 112.2 (6) 112.95 (17) 113.4 (2) 
N2 – N1 – C15 106.8 (6) 105.83 (18) 105.6 (2) 
N2 – N3 – C14 105.3 (6) 108.29 (19) 105.5 (2) 
N1 – C15 – C14 107.2 (6) 107.67 (19) 107.7 (2) 
N3 – C14 – C15 108.5 (7) 108.29 (19) 107.8 (2) 
  
2.2.2.3. Conclusion 
Chloro-substitution of [(Ind)Ru(dppf)Cl] 3 with CH3CN and N3- appears to 
indicate that this process is as facile as in the well-studied complex [CpRu(PPh3)2Cl] 1a. 
The [3+2] dipolar cycloaddition of the azido ligand provides an additional example for 
this uncommon occurrence at Ru. 
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2.2.3 Reactions of [(Ind)Ru(dppf)Cl] 3 with thiolates 
2.2.3.1 Reactions of 3 with thiolates and solvent dependence 
The reaction of 3 with NaSR in alcoholic solvent (MeOH or EtOH) at room 
temperature gave [(Ind)Ru(dppf)(SR)] (10: R = Me; 11: R = Et; 12: R = Ph) in R-
dependent yields. In the cases of R = Me and Et, a hydride complex, [(Ind)Ru(dppf)H] 13 










R = Me (10) 79%
       Et  (11) 65%





R = Me, 19%
       Et,   16%
       Ph,   0 %
H
 
The latter complex was not anticipated. We observed that the reaction (for R = Me) will 
not proceed in THF, despite refluxing for 2 h, but went to completion within 15 min at 65 
°C upon addition of 1/5 volume of MeOH. Since hydride formation was not reported in 
the preparation of [(Ind)Ru(PPh3)2(SEt)] from the reaction of [(Ind)Ru(PPh3)2Cl] 1 with 
NaSEt under reflux in THF,102b nor in similar syntheses of [(η5-C5H5)Ru(PPh3)2(SR)] (R 
= 1-C3H7, CHMe2 and 4-C6H4Me),102a  we carried out a similar small-scale reaction of 1 
with NaSMe. It was found that in refluxing THF, [(Ind)Ru(PPh3)2(SMe)] was the only 
product, while in refluxing MeOH, the hydride species, [(Ind)Ru(PPh3)2H], was also 
formed (1H NMR (C6D6): δ -15.39 (t, J = 33.8 Hz) vs lit. values in CDCl3: δ -15.40 (t, J = 
31.6 Hz)29). This indicates that nucleophilic substitution of Cl- with SMe- in THF is 
feasible in 1 but not in 3, suggestive of a stronger Ru-Cl bond in 3, which necessitates 
assistance from MeOH. It is likely that 3, like the Cp analogue of 1, shows appreciable 
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ionic behaviour in MeOH, as shown in eq. i. Indeed, the solvento complex 2.14 had been 
isolated as the BPh4- salt,150 and nucleophilic displacement of chloride in [CpRu(PPh3)2Cl] 
1a by nitriles, tertiary phosphines or phosphites have been shown to proceed via 
displacement of the weakly bound MeOH in 2.14.151  
[CpRu(PPh3)2Cl] + MeOH [CpRu(PPh3)2(MeOH)]+ + Cl-
(2.14)(1a)              …(i) 
Such a dissociative tendency of the Ru – Cl bond will facilitate the dissociative pathways 
found to operate in substitution reactions of both Cp and indenyl complexes of Ru.152 
Incidentally, we have noted that the majority of reactions of (Ind)Ru complexes have 
been carried out in MeOH. 
The formation of hydride 13 can be rationalized based on the finding of Chatt and 
Shaw in the early 1960’s of the occurrence of β-hydrogen elimination from alkoxides in 
the formation of Pt hydride complexes (Scheme 2.22).153  








H H -H2C O
[M] H
 
This method was subsequently developed by Bruce and others for Cp metal hydrides of 
Fe, Ru and Os, containing EPh3 (E = P, As), CO, various diphosphines, P(OPh)3 or 
CNBut as coligands.130a, 154 Very recently, Gimeno and coworkers had similarly also 
obtained mono- and di- phosphine analogues of 13, from the reaction of (Ind)Ru(P-P)Cl 
{P-P = diphosphines (dppm, dppe), or a combination of two monophosphines} with 
NaOMe in MeOH  at reflux or room temperature.34 
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 The present reaction under study involves the use of sodium thiolates in MeOH. 
Invoking the role of alkoxide in the reaction pathway will require the participation of an 
equilibrium represented by equation (ii): 
SR- + MeOH HSROMe- +
K
                                    (ii) 
In such a situation the competition of nucleophiles SR- and OMe- in displacement of X 
from (Ind)Ru(dppf)X (X = Cl or MeOH) comes into play. This will be dependent on their 
relative basicity (SR- > OMe-), as well as the preponderance of one species over the other, 
a direct consequence of the equilibrium constant K in equation (ii). This is in agreement 
with the order of pKa’s in MeOH of the thiols as follows: HSMe (14.3)155 ≤ ≅ HSEt 
(14.4) 156 > HSPh (10.9) 157 Thus under similar concentrations of reactants, [OMe-] in 
equilibrium (ii) from SPh-  will be about two orders of magnitude lower than that from 
SR- (S = Me or Et). This is in agreement with the observed absence of metal hydride 
formation for the R = Ph case. When both SR- (R = Me and Et) and OMe- are present, the 
higher nucleophilicity of the former anions qualitatively account for the preponderance of 
metal thiolate over metal hydride products. 
Stone and coworkers had established that increasing donor ability of phosphine 
ligands strengthens the Ru-Cl bond sufficiently that displacement of Cl- in CpRu(L)2Cl  
(L = phosphine) cannot be effected.26b  Hence the observed stronger Ru-Cl bond in 3 
versus its Cp analogue, [CpRu(dppf)Cl] 2.15, and in 3 versus its bis(PPh3) analogue 1 
(here dppf vs (PPh3)2) is in agreement with the recent finding that the indenyl ligand is 
more e-donating than Cp towards Ru,152 as is also confirmed by CV measurements in this 
study (see below). 
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2.2.3.2 Reactions of 1 and 3 with HS(CH2)2PPh2 
The reaction of 3 with the mixed-donor ligand, -S(CH2)2PPh2, in MeOH resulted 
in a mixture of [(Ind)Ru(η2-dppf)(κ1S-S(CH2)2PPh2)] 14 and 13 in 54% and 16% yield 
respectively (Scheme 2.23(a)), indicating an equilibrium between -S(CH2)2PPh2 and 
HS(CH2)2PPh2 in MeOH. This reaction cannot be effected in THF, as previously 
observed in the reactions of 3 with –SR. The amount of 13 isolated suggested that the pKa 




























 The 1H NMR and 31P NMR spectra of 14 indicate that the Ru center is 
coordinated to η5-Ind, η2-dppf and κ1S-2-diphenylphosphinoethylthiolate (-S(CH2)2PPh2), 
the low-field 31P NMR resonance (δ -14.8) of which indicates that the PPh2 group is not 
coordinated. The coordinated phosphorous atoms of dppf resonate at δ 56.1.  The mixed-
donor ligand displaced neither dppf nor the indenyl ligand, indicating the strong chelating 
effect in the dppf ligand as compared to –S(CH2)2PPh2. 
 In contrast, in a similar reaction on 1, the bis(PPh3) analogue of 3, there occurred 
total substitution, resulting in the formation of the coordination compound 
[Ru(S(CH2)2PPh2)2(HS(CH2)2PPh2)] 15 (Scheme 2.23(b)). The formulation of 15 was 
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based on microanalytical and spectroscopic data. The presence of a thiol, which is in 
agreement with the neutrality of a Ru(II) oxidation state, was further supported by a ν(S-
H) stretch in the IR spectrum and the loss of a such a fragment from the mother ion in the 
FAB+-mass spectrum, which also indirectly indicates the weaker ligating ability of this 
thiol ligand versus that of the thiolate analogue. The broad features of the 1H NMR 
spectrum are indicative of fluxionality in solution, probably arising from a thiol-thiolate 
exchange process, which would be consistent with the observation of only one 31P signal 
(δ 54.0) in 31P NMR spectrum. The isolation of 15 also indirectly supports the operation 
of the equilibrium (equation (ii)) for HS(CH2)2PPh2 in MeOH. 
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2.2.3.3  Crystallographic studies 
Complex 12 crystallizes with one CH2Cl2 and 0.5MeOH in orthorhombic Fdd2 
space group, while 13 crystallizes in monoclinic P21/n space group. Their molecular 
structures are illustrated in the ORTEP diagrams in Figure 2.7 and Figure 2.8. They are 
very similar to their respective Cp analogues.78,158 The metal centers are coordinated to 
η5-Ind, η2-dppf and η1-thiophenolate/hydrido ligands. Selected bond parameters are 
compared with those of the Cp analogues in Table 2.5. 
 
Figure 2.7. ORTEP diagram of 12. Thermal ellipsoids are drawn to 50% 
probability level. Hydrogen atoms are omitted for clarity. 
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Figure 2.8. ORTEP diagram of 13. Thermal ellipsoids are drawn to 50% 
probability level. Hydrogen atoms are omitted for clarity.  
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Table 2.5. Selected bond lengths (Å) and angles (°) of 12, [CpRu(dppf)(SPh)], 13 and 
[CpRu(dppf)H] 
Complex 12.CH2Cl2.0.5MeOH [CpRu(dppf)(SPh)] 13 [CpRu(dppf)H] 
Δ / Å 0.192 - 0.1205 - 
Hinge Angle (HA)/ °  6.88 - 5.19 - 
Fold Angle (FA)/ °  9.87 - 7.56 - 
 
C* – Ru1§ 1.939 - 1.923 - 
Ru1 – P1 2.2523 (12) 2.284 (3) 2.2446 (9) 2.263 (4) 
Ru1 – P2 2.3085 (12) 2.302 (3) 2.2553 (9) 2.246 (3) 
Ru1 – X X = S1; 2.4193 (12) X = S1; 2.434 (4) X = H; 1.499 (6) X = H; 1.30 
 
P1 – Ru1 – P2 97.54 (4) 99.02 (10) 98.68 (3) 99.1 (1) 
P1 – Ru1 – X X = S1; 86.21 (4) X = S1; 89.29 (11) X = H; 80.19 (2) - 
P2 – Ru1 – X X = S1; 86.08 (4) - X = H; 85.28 (2) - 
§ C* = centroid of the 5-membered ring, C1, C2, C3, C3a and C7a. 
The Ru-S distance in 12, though shorter than that of its Cp analogue, is longer 
than other examples of Ru-S(thiolate) bonds, 2.30 Å (av.).105,159 The Cp rings of dppf in 
12 are almost eclipsed (synperiplanar) to each other, with torsional angle (τ) of 2.1 °. The 
phenyl ring on thiophenolate is almost parallel to the phenyl ring on P1, while the phenyl 
ring of thiophenolate in Cp analogue pointed away from the phenyl rings on dppf. This is 
probably due to the steric bulk of the indenyl ligand, which restricted the orientation of 
the thiophenolate ligand in 12.  
The hydride ligand in 13 is located in the electron density map and refined with a 
Ru – H bond length of 1.499 (6) Å and the P – Ru – H angles of 80.19 (2)° and 85.28 (2)°. 
Compared to the eclipsed conformation in 12, the Cp rings of the dppf in 13 adopt a more 
stable synclinal (Gauche) configuration.  This is facilitated because the smaller terminal 
hydride relieves the steric stress around the Ru center, enabling the dppf ligand to 
orientate to the lower energy synclinal configuration with torsional angle (τ) of 39.67 °. 
The benzenoid ring of the indenyl ligand was predicted to arrange itself trans to the 
hydride, the higher trans-influence ligand;160 as evident in Figure 2.9.  
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2.2.3.4. Cyclic voltammetric and EPR measurements 
Cyclic voltammograms obtained at a glassy carbon electrode in 0.5 mM solutions 
of [(Ind)Ru(dppf)(SMe)] 10, [(Ind)Ru(dppf)(SPh)] 12, [(Ind)Ru(dppf)Cl] 3, 
[CpRu(dppf)Cl] 2.15 and [Cp*Ru(dppf)Cl] 2.16 in CH2Cl2 at 233 K are shown in Figure 
2.10. 10 and 12 displayed three well-defined chemically reversible oxidation processes at 
low temperatures, although at room temperature the third (most-positive) oxidation 
processes were only partially chemically reversible, suggesting chemical instability of the 
triply oxidized species. 3, 2.15 and 2.16 displayed two chemically reversible oxidation 
processes, except for 2.15 where the second more positive process was only partially 
chemically reversible at a scan rate of 100 mV s-1 (suggesting instability of the more 
highly oxidized state). 10 and 12 also displayed one chemically irreversible reduction 
process at ~ -2.5 V vs. Fc/Fc+ (data not shown), with a similar current magnitude to the 
first oxidation process (indicating that the same number of electrons were transferred). 
Table 2.6 lists the reversible oxidation potentials (Er1/2) that were calculated from 
CV data under conditions where the ratio of the oxidative (ipox) to reductive (ipred) peak 
currents were equal to unity and using the relationship 
Er1/2 = (Epox + Epred)/2    (iii) 
where Epox and Epred are the anodic and cathodic peak potentials respectively. In 
situations where no reverse peak was observed, only the peak potential is given. In most 
instances where the Epox and Epred peak separation (ΔE) could be measured, the values 
obtained were close to that expected for a one-electron transfer (Table 2.6). By assuming 
that the diffusion coefficients for 10, 12, 3, 2.15 and 2.16 are very similar, and by 
comparing the anodic and cathodic peak currents shown in Figure 2.10, it is reasonable to 
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expect that all of the oxidation processes occur by the same number of electrons (i.e. n = 
1). There were some variations detected in the peak currents for equivalent 
concentrations of different compounds (Figure 2.10), but this is likely to be due to 
differences in diffusion coefficients, since the peak currents appear to approximately 
inversely correlate with the size of the molecules. Coulometry measurements (equation iv) 
made during exhaustive controlled potential electrolysis (CPE) experiments at 233 K for 
the first oxidation process of 10 and 13 confirmed the transfer of one-electron per 
molecule. The one-electron oxidized species were stable for at least 2-3 hours at low 
temperatures (233 K) in CH2Cl2 and could be reversibly reduced back to their starting 
materials. 
 Free dppf is oxidized at ~ +200 mV more positive than ferrocene. 161  The 
oxidation occurs via one-electron but the product is not as stable as the Fc/Fc+ system 
and moderate scan rates of around 3 V s-1 are needed to obtain ipox/ipred ratios equal to 
unity.161 When dppf is coordinated to other metal ions through the phosphorus atoms, the 
oxidation potential increases to ~ +0.5 V vs. Fc/Fc+ and the stability of the oxidized dppf 
is substantially improved so that ipox/ipred ratios equal to unity are obtained at slow scan 
rates of 100 mV s-1 (similar to Fc/Fc+).161,162 In light of these previous observations,161,162 
we conclude that the oxidation process that occurs at +0.32 – 0.51 V vs. Fc/Fc+ in the 
CV's of 10, 12, 3, 2.15 and 2.16 (i.e. the second process), is likely to be associated with 
the one-electron oxidation of [dppf] to [dppf]+. Therefore, the first (least positive) process 
observed in the CV's in Figure 2.10 is associated with the oxidation of Ru2+ to Ru3+. The 
conclusion that the first process is associated with oxidation in the region of the Ru ion is 
consistent with the first oxidation potential being similar for 10 and 12 (~ -0.45 V vs. 
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Fc/Fc+) and similar for 3, 2.15 and 2.16 (~ 0 V vs. Fc/Fc+) (Figure 2.10), since the 
potential is likely to be most sensitive to the substituents coordinated directly to the 
ruthenium. The third oxidation process for 10 and 12 is probably oxidation again in the 
region of the ruthenium center. 3, 2.15 and 2.16 may also be further oxidised but at a 
more positive potential than 10 and 12. 
 The Er½ values of the complexes indicate ease of oxidation of the complexes as 
follows: for LRuCl(dppf) complexes – L, Cp* > Ind > Cp, in agreement with the 
decreasing electron-donor capability of the corresponding ligands. Similar trends have 
been observed for the dppe, dppm, (PPh3)2 and (PMe2Ph)2 analogues.28,152 The data also 
shows (Ind)RuCl(dppf)SMe 10 is more easily oxidized that its Ph analogue 12, in 
agreement with  decrease of electron-density at the metal center in 12, caused by 
delocalization into the Ph ring. Also listed in Table 2.6 are the Er½ data reported for allied 
complexes, which shows an ease of oxidation order as follows: (i) for 
Cp*RuCl(diphosphine) complexes: diphosphine, dppf > dppe > (PPh3)2, and (ii) for 
Cp/(Ind)RuCl(diphosphine) complexes: diphosphine,  dppf > dppm  > dppe > (PPh3)2, 
indicating a corresponding decreasing order of electron-donor capability of the 
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Table 2.6. Cyclic voltammetric data obtained at a scan rate of 100 mV s-1 at a 1 mm 
diameter glassy carbon electrode at 233 K in CH2Cl2 with 0.25 M Bu4NPF6 as the 
supporting electrolyte, together with some literature data. 
Compound Oxidation Processesa Reduction Process 
 Epox / Vb Epred / Vc Er1/2 / Vd ΔE / 
mVe 
Epred / Vc  
[(η5-Ind)Ru(PPh3)2Cl] 1    +0.450 66 152   
[(η5-Ind)Ru(dppf)Cl] 3  +0.010 -0.062 -0.030 
(0.277)f 
72   
  +0.553 +0.476 +0.510 77   
[(η5-Ind)Ru(dppf)(SMe)] 10  -0.480 -0.542 -0.510 62   
  +0.344 +0.288 +0.320 56   
  +0.771 +0.702 +0.740 69   
      -2.620  
[(η5-Ind)Ru(dppf)(SPh)] 12  -0.351 -0.416 -0.380 65   
  +0.464 +0.399 +0.430 65   
  +0.784 +0.718 +0.750 66   
      -2.548  
[(η5-Ind)Ru(dppe)Cl]    +0.430 64 152   
[(η5-Ind)Ru(dppm)Cl]    +0.390 62 152   
[(η5-Cp)Ru(dppf)Cl] 2.15  +0.144 0.073 +0.110 
(0.417)f 
71   
  +0.521 +0.436 +0.48 85   
[(η5-Cp)Ru(dppe)Cl    +0.510 110163   
[(η5-Cp)Ru(dppm)Cl    +0.490 340 163   
[(η5-Cp)Ru(PPh3)2Cl] 1a    +0.560 360 163   
[(η5-Cp*)Ru(dppf)Cl] 2.16  -0.050 -0.115 -0.080 
(0.227)f 
65 152   
  +0.486 +0.408 +0.450 78   
[(η5-Cp*)Ru(dppe)Cl]    +0.330 270 152   
[(η5-Cp*)Ru(PPh3)2Cl]    +0.430 240 152   
aAll potentials in this study are relative to the ferrocene/ferrocenium redox couple, 
whereas reference electrode for reported values (ref. 152 and 163) is an aqueous saturated 
calomel electrode (SCE) in CH2Cl2. bEpred = reductive peak potential. cEpox = oxidative 
peak potential. dEr1/2 = (Epred + Epox) / 2. eΔE = |Epox - Epred|.  fConverted from Fc/Fc+ to 
SCE reference (Δ = +0.307 V) for comparison with reported data. 
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Figure 2.10. Cyclic voltammograms performed at a 1 mm diameter planar GC electrode 
in CH2Cl2 (0.25 M Bu4NPF6) at 233 K at a scan rate of 100 mV s-1 for 0.5 mM (a) 10, (b) 
12, (c) 3, (d) 2.15 and (e) 2.16. 
 
EPR experiments were performed at 10 K on frozen samples of 10 and 12 that 
had been electrochemically oxidized at a constant potential at 233 K (see appendix). Bulk 
electrochemical oxidation by one-electron produced paramagnetic species with g-values 
close to 2 (Figure 2.11). The EPR spectrum of complex 10 is expected to display three 
signals with different g-values. However, the signals in inorganic/organometallic systems 
usually have broad line width, caused by rapid relaxation of the complex. Therefore, 
since the g-values are probably too close together due to low spin-orbit coupling, the 
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three signals overlap to give only one observable signal. The spectrum obtained for 12 
showed additional hyperfine structure, due to hyperfine coupling, suggesting that the 
unpaired electron was partially delocalized, possibly about the Ph group bonded to the S. 
10 did not display hyperfine structure, possibly because the unpaired electron was less 
able to be accommodated about the methyl group bonded to the S. Interaction of the 
unpaired electron with the 31P atoms (I = 1/2, 100% abundance) is also possible, as has 
been observed in diastereomeric [(η6-arene)RuIII(P-As)Cl] complexes in which the 
ruthenium atom is a chiral stereocenter.164 The further one-electron oxidation of 10 and 
12 at 233 K (two electrons overall) produced diamagnetic compounds, indicating the 
possibility of antiferromagnetic coupling of the two unpaired electrons, probably residing 
at the Ru and Fe centers. 
 
Figure 2.11. Continuous wave X-band EPR spectra obtained at 10 K with microwave 
frequency = 9.44 GHz and microwave power = 0.2 mW after the exhaustive 
electrochemical one-electron oxidation of (a) 10 and (b) 12 at -0.2 V vs. Fc/Fc+ in CH2Cl2 
(with 0.25 M Bu4NPF6) at 233 K. 
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2.2.3.5. Conclusion 
The reactions of 3 with thiolates (RS-) in MeOH was found to yield both thiolato 
derivatives and a hydrido complex [(Ind)Ru(dppf)H] 13, the yield of which is both 
solvent and R-dependent. From observations that the reaction could not proceed in the 
absence of MeOH, it was rationalized that 13 was formed by β-H elimination from 
ligated OMe-, the latter being formed in equilibrium amounts by an interaction between 
RS- and MeOH. The product mixture therefore reflected the relative nucleophilicity of 
RS- and OMe-. The reaction of 3 with mixed-donor ligand, -S(CH2)2PPh2, also yielded 
both thiolato derivative with “dangling” PPh2 (i.e. [(η5-Ind)Ru(η2-dppf)(κ1S-
S(CH2)2PPh2)] 14) and 13, while that of 1 with –S(CH2)2PPh2 led to total substitution, 
giving [Ru(κ2S,P-S(CH2)2PPh2)2(κ2S,P-HS(CH2)2PPh2)] 15.  
Based on a cyclic voltammetric study and literature data, an ease of oxidation 
order was obtained for these Cp, Cp* and Ind ruthenium complexes as follows: (i) for 
Cp*RuCl(diphosphine) complexes: diphosphine, dppf > dppe > (PPh3)2, and (ii) for 
Cp/(Ind)RuCl(diphosphine) complexes: diphosphine,  dppf > dppm  > dppe > (PPh3)2, 
indicating a corresponding decreasing order of e-donor capability of the diphosphines 
and PPh3. EPR measurements on the oxidized 10 and 12 showed substantially more 
electron-delocalization in 12, possibly due to the more electron accommodating SPh 
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2.2.4 Reactions of [(Ind)Ru] complexes with heterocyclic thiols 
2.2.4.1 Reactions of [(Ind)Ru(dppf)L] (3: L = Cl; [7]+: L = CH3CN)  
The reactions of 3 with different heterocyclic ligands, namely 2-
mercaptopyrimidine (HSPym), 2-mercaptobenzothiazole (HSbztz) and 2-mercapto-5-
methyl-1,3,4-thiadiazole (HSmtdz) in MeOH at room temperature have been investigated 




































The reaction of 3 with HSPym in the molar ratio of 1:1 in MeOH, with or without 
the presence of NaBPh4 as a Cl- abstractor, resulted in the isolation of a 6-coordinated Ru 
complex [Ru(dppf)(SPym)2] 16 and recovered 3 in 1:1 ratio. A repeat of the reaction in 
CH2Cl2 also afforded a mixture of 16 and 3. The formulation of 16 was based on 
spectroscopic data. The absence of the resonances of η5-Ind in the 1H NMR spectrum 
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indicates the dissociation of the indenyl ligand, while a single resonance at δ 51.8 in the 
31P NMR spectrum indicates chemical equivalence of the two phosphorus atoms in dppf. 
This observation differs from a similar reaction between [CpRu(dppf)Cl] with 
pyridine-2-thiol in the presence of NaBPh4, which afforded an ionic complex, 
[CpRu(dppf)(pySH)]BPh4 (pySH = pyridine-2-thione), following a thiol-thione 
tautomerisation of pyridine-2-thiol to pyridine-2-thione (pySH).78 The presence of a base 
is usually necessary for the deprotonation of HSPym,109,165 however, it was not the case 
in the reaction of 3 and HSPym. The formation of 16 is most probably through the 
coordination of the first HSPym molecule by the elimination of HCl, followed by 
concomitant chelation of SPym and protonation of the indenyl ligand by another HSPym 
molecule (Scheme 2.25(a)). Another possible pathway for the formation of 16 is via an 
initial chelation by -SPym which displaced dppf, followed by the labilization of the 
indenyl ligand by an additional HSPym and re-chelation of dppf ligand (Scheme 2.25(b)). 
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The formation of 16 was favoured most probably due to the high propensity for    
-SPym towards bidentate coordination in Ru complexes as reported, except for [(η3-
tripod)Ru(κ2S,N-SPym)(κ1S-SPym)]. Even so, monodentate SPym quickly displaced a 
P=O bond to form a chelate upon oxidation of one of the phosphine atoms of tripod 




















  The reaction of 3 with 2-mercaptobenzothiazole (bztzH), on the other hand, gave 
the Cl- displacement product [(Ind)Ru(dppf)(Sbztz)] 17 in 60% yield. X-ray diffraction 
study and spectroscopic data shows that complex 17 is a neutral complex, with η5-Ind 
resonating at δ 5.19 (H1) and 5.37 (H2,3) in 1H NMR spectrum, while the phosphorus 
atoms of dppf resonate at δ 54.6 in 31P NMR spectrum. This observation indicates that the 
formation of 17 is via the elimination of HCl. Unlike HSPym, bztzH, with pKa value of 
6.9, is known to readily undergo deprotonation by reacting with metal salt in alcoholic 
solvent.109 However, there was no sign of dissociation of the indenyl ligand to form 
simple 6-coordinated Ru complex. This is in contrast with the observation made by 
Kollipara et. al. where they claimed the dissocation of the indenyl ligand is governed by 
the steric bulk of the incoming ligand,167 as bztzH is a bulkier ligand than that of HSPym. 
This reaction observation also suggests that the presence of strong acid in the solution 
may not have caused the dissociation of the indenyl ligand; rather it is closely related to 
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the intrinsic property of the incoming ligand to coordinate in either monodentate or 
bidentate fashion. 
Reaction of 3 with 2-mercapto-5-methyl-1,3,4-thiadiazole (HSmtdz) did not effect 
the elimination of HCl, instead an ionic product, [(Ind)Ru(dppf)(mtdztH)]Cl [18]Cl was 
obtained. The 1H NMR spectrum shows the presence of a η5-Ind ligand, with H1 and H2,3 
resonating at δ 5.12 and 5.34, respectively. The coordination of the thione is also 
supported by the presence of the NH stretch in the IR spectrum. The observed thione 
coordination indicates a rapid thiol-thione tautomerisation of mtdzH in solution.  In fact, 
reported spectroscopic studies and computational calculations have indicated that 5-
methyl-1,3,4-thiadiazole-2-thione (mtdztH) is the more stable isomer.110a Therefore, the 
acidic thiol proton was not available for Cl- abstraction as it has tautomerized to the 
thione. Indeed, tautomerized HSmtdz was recovered after the reaction, indicating most of 
the thiol existed as thione in solution, hence the coordination of the thione giving [18]Cl. 
On the other hand, the reactions of [(Ind)Ru(dppf)(CH3CN)]PF6 [7]PF6 with 
heterocyclic ligands led to the formation of ionic products [(Ind)Ru(dppf)(pymtH)]PF6 
[19]PF6, [(Ind)Ru(dppf)(bztztH)]PF6 [20]PF6 and [(Ind)Ru(dppf)(mtdztH)]PF6 [18]PF6 in 
high yields (Scheme 2.27). All the heterocyclic ligands coordinated to the Ru center as 
thione ligands, as supported by the presence of NH stretches in their IR spectra. The 1H 
NMR spectra of [18 – 20]PF6 showed the presence of η5-Ind [δ(H1) 5.34 – 5.66 and 
δ(H2,3) 4.73 – 4.86]. These complexes were found to be highly unstable in coordinating 
solvents, i.e. CH3CN. The coordinated thione ligands were displaced minutes after 
dissolving in CH3CN, converting back to [7]PF6. This can be easily followed by the 
colour change of the solution from red to yellow or by 1H NMR spectroscopy. However, 
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if the solubility of these complexes in CH3CN were decreased by means of adding ether, 
the less soluble red complexes [18 – 20]PF6 crystallized out. This suggests that 
equilibrium between complexes [18 – 20]PF6 and [7]PF6 exists in CH3CN, though lies 
towards [7]PF6 as indicated by 1H NMR spectra, where only resonances of [7]PF6 were 
observed in CD3CN. Among these complexes, [19]PF6 was found to be the least stable in 
solution, decomposing to give a green solution in CH2Cl2 or a dark brown solution in 
acetone. Complex [19]PF6 was found to be stable only in THF. The instability of 
complexes [18 – 20]PF6 can be attributed to the weak coordination of the thione ligands. 
The lability of the thione ligands can also be illustrated by the observation of [20]PF6 
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2.2.4.2. Crystallographic studies 
The structures of 17 and [18]Cl have been determined by X-ray diffraction 
analysis. Attempts to obtain X-ray diffraction-quality crystals of [18 – 20]PF6 were 
unsuccessful, as thin plates were formed in all cases. In the attempt with [18]PF6,  red 
crystals of an unexpected compound, [Ru(dppf)(CH3CN)(μ2-Smtdz)]2[PF6]2 [21][PF6]2 
were obtained. We presume this is a minor byproduct of the reaction. 
 Complex 17 crystallizes with two THF molecules in triclinic P-1 space group. 
Complexes [18]Cl and [21][PF6]2 crystallize in monoclinic P21/n space group with 
CH2Cl2 and H2O solvents. The geometry around the Ru centers in both 17 and [18]Cl are 
distorted octahedral, with the capping indenyl ligand occupying the three facial sites, 
while chelating dppf and S1 of the monodentate heterocyclic ligand reside on the other 
three sites. The indenyl ligands on both complexes showed slight en-allyl distortion, as 
commonly observed. The asymmetric unit of [21][PF6]2 consists of half of the dimer 
containing a Ru center with CH3CN, chelating dppf and bidentate -Smtdz ligand. The 
dimer was generated via the center of inversion located at the center of Ru1 – S1 – Ru#1 
– S#1 cage. ORTEP diagrams of 17, [18]Cl and [21][PF6]2 are shown in Figure 2.12 – 
2.14, and their selected bond parameters are listed in Table 2.7. 
Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 83
 
Figure 2.12. ORTEP diagram of 17. Thermal ellipsoids are drawn to 50% 
probability level. Hydrogen atoms are omitted for clarity. 
 
 
Figure 2.13. ORTEP diagram of [18]Cl.  Thermal ellipsoids are drawn to 50% 
probability level. Hydrogen atoms are omitted for clarity. 
 
Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 84
 
Figure 2.14. ORTEP diagram of [21]2+. Thermal ellipsoids are drawn to 50% probability 
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Table 2.7. Selected bond lengths (Å) and angles (°) of 17, [18]Cl and [21][PF6]2 
Complexes 17.2C4H8O [18]Cl.CH2Cl2.H2O [21][PF6]2.4CH2Cl2.4H2O 
Δ / Å 0.168 0.174 - 
Hinge Angle (HA)/° 7.06 6.62 - 
Fold Angle (FA)/° 10.77 10.34 - 
     
C* – Ru1 1.920 1.923 Ru1 – P1 2.3508 (11) 
Ru1 – P1 2.3133(9) 2.331 (3) Ru1 – P2 2.3021 (11) 
Ru1 – P2 2.2666 (9) 2.273 (3) Ru1 – S1 2.4783 (11) 
Ru1 – S1 2.4086 (9) 2.397 (3) Ru1 – S#1 2.5756 (11) 
S1 – C10 1.729 (4) 1.703 (11) Ru1 – N1 2.064 (3) 
C10 – S2 1.783 (4) 1.727 (11) Ru1 – N3 2.027 (4) 
C10 – N1 1.295 (5) 1.325 (13) S1 – C1 1.744 (5) 
S2 – C11 1.735 (5) 1.731 (11) C1 – S2 1.718 (4) 
N2 – C11 - 1.280 (15) C1 – N1 1.305 (5) 
N1 – N2 - 1.373 (12) S2 – C2 1.738 (5) 
N1 – C12 1.388 (5) - N2 – C2 1.302 (6) 
C11 – C12 1.396 (6) 1.489 (16) N1 – N2 1.368 (5) 
   C2 – C3 1.480 (7) 
P1 – Ru1 – P2 98.50 (3) 98.47 (10) P1 – Ru1 – P2 102.04 (4) 
P1 – Ru1 – S1 88.10 (3) 86.10 (9) S1 – Ru1 – S#1 79.98 (4) 
P2 – Ru1 – S1 86.88 (3) 86.47 (10) Ru1 – S1 – Ru#1 100.02 (4) 
Ru1 – S1 – C10 110.59 (13) 114.3 (4) N3 – Ru1 – S1 104.03 (11) 
S1 – C10 – S2 115.1 (2) 128.5 (6) N1 – Ru1 – S1 66.23 (11) 
S1 – C10 – N1 130.3 (3) 122.6 (8) Ru1 – S1 – C1 74.80 (14) 
S2 – C10 – N1 114.6 (3) 108.8 (8) Ru1 – N1 – C1 104.6 (3) 
C10 – S2 – C11 89.1 (2) 88.9 (5) Ru1 – N1 – N2 139.1 (3) 
C10 – N1 – C12 111.1 (3) - S1 – C1 – S2 133.3 (1) 
C10 – N1 – N2 - 117.4 (10) S1 – C1 – N1 114.1 (3) 
N1 – N2 – C11 - 110.0 (9) S2 – C1 – N1 112.3 (3) 
N2 – C11 – S2 - 114.8 (8) C1 – S2 – C2 87.3 (2) 
   C1 – N1 – N2 115.3 (4) 
   N1 – N2 – C2 110.6 (4) 
   N2 – C2 – S2 114.4 (4) 
 
 In complex 17, the heterocyclic bztz thiolate entity is coordinated as a 
monodentate ligand to Ru via S1, with Ru1 – S1 bond length (2.4086 (9) Å) in the 
normal range for Ru –S bond length.166, 168 The long N1–Ru1 distance (3.676 Å) is 
clearly indicative of the absence of any interaction between the two atoms (c.f. N – Ru 
2.242(6) Å for bidentate bztz ligand).166 The short N1–C10 bond length (1.295(5) Å) 
indicates double bond character, while the longer N1–C12 bond (1.388(5) Å) is a single 
bond. The bond angles around the heterocyclic ligand are comparable to other 
monodentate bztz ligand.168a 
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 The metric data of the coordinated mtdztH thione moiety in [18]Cl is in close 
agreement with those of the free mtdztH molecule.110a However, due to the coordination 
of S1 to Ru1, the electron density around S1–C10 bond is remarkably reduced, resulting 
in a longer bond length of 1.703 (11) Å versus1.6690(13) Å in free thione.110a 
 The crystal structure of [21]2+ possesses a center of inversion at the centroid of the 
Ru1 – S1 – Ru#1 – S#1 cage. The –Smtdz ligand adopts a bidentate coordination via N1 
and S1, with S1 in bridging mode. Compared to the Ru1 – S1 distance in [18]Cl (2.397 (3) 
Å), the Ru1 – S1 (bridging) bond length in [21]2+ is longer (2.4783 (11) Å). The bidentate 
coordination mode of –Smtdz has resulted in a substantially reduced S1 – C1 – N1 angle 
(114.1 (3) º) as compared to that in [18]Cl (122.6 (8) º).  The double bond character of C1 
– N1 bond as indicated by its short length (1.305 (5) Å), consistent with the coordination 
of the heterocyclic moiety as thiolate rather than as thione. The chelating dppf ligand in 
[21]2+ adopts the low energy synclinal staggered conformation with torsional angle (τ) of 
32.3 º. In comparison, it is noted that the chelating dppf adopts the high energy 
synperiplanar eclipsed conformation with τ of 5.3 º and 0.5 º, respectively, in the 
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2.2.4.3. Electrochemical studies 
The cyclic voltammograms obtained of CH2Cl2 solutions containing 17, [18]Cl 
and [18 – 20]PF6 at two different temperatures are displayed in Figure 2.15. Each 
compound displayed three oxidation processes, with similar peak current values 
indicating that the processes occurred by the same number of electrons (i.e. n = 1). 
Interestingly, for most of the compounds the anodic (ipox) to cathodic (ipred) peak current 
ratio (ipox/ipred) for the second process became closer to unity as the temperature was 
raised. Normally, in cases of chemical instability of oxidized compounds, the ipox/ipred-
value becomes closer to unity as the temperature is lowered because of improved stability 
of the reactive species. Therefore, the apparent reverse trend with temperature for the 
second oxidation process may be due to a follow-up chemical equilibrium reaction (such 
as a structural change) that is slowed down at lower temperatures. 
 The voltammetric data also suggest that the first and third processes are closely 
related while the second process occurs independently. This is demonstrated by the 
experiments at low temperature, where the first and third processes have ipox/ipred-values 
close to one, whilst the second process appears chemically irreversible (since it is not 
normal to detect a chemically reversible electron transfer process at a potential greater 
than an apparently chemically irreversible process). Furthermore, in the experiments on  
[19]PF6 (Figure 2.15(e)) at 243 K, the first and third processes appear chemically 
reversible, but at 293 K where the first process appears chemically irreversible the third 
process is not detected (but the second process appears chemically reversible). The lack 
of the third (most positive) process at 293 K in solutions of [19]PF6 is consistent with the 
moiety responsible for the first process decomposing, but the section of the molecule 
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responsible for the second process remaining largely in tact. This observation is also 
consistent with the instability of [19]PF6 in solution. 
 One explanation consistent with the voltammetric data is if the first and third 
processes are associated with oxidation in the vicinity of the RuII ion (to RuIII and then to 
RuIV) while the second process is associated with oxidation in the vicinity of dppf. Free 
dppf is oxidized at ~ +200 mV more positive than ferrocene.161  The oxidation occurs via 
one-electron but the product is not as stable as the Fc/Fc+ system and moderate scan rates 
of around 3 V s-1 are needed to obtain ipox/ipred ratios equal to unity.161 When dppf is 
coordinated to other metal ions through the phosphorus atoms, the oxidation potential 
increases to ~ +0.5 V vs. Fc/Fc+ and the stability of the oxidized dppf is substantially 
improved so that ipox/ipred ratios equal to unity are obtained at slow scan rates of 100 mV 
s-1 (similar to Fc/Fc+).161,162 In this work, the second oxidation process occurs at 
approximately +0.5 V vs. Fc/Fc+ (Table 2.8), similar to that expected for coordinated 
dppf. The conclusion that the first process is associated with oxidation in the region of 
the Ru ion is consistent with the first oxidation potential being similar for 17 and [18]Cl 
(~ -0.1 V vs. Fc/Fc+) and similar for [18]PF6, [19]PF6 and [20]PF6 (~ +0.3 V vs. Fc/Fc+) 
(Figure 2.15 and Table 2.8), since the potential is likely to be sensitive to the bonding 
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Table 2.8. Cyclic voltammetric data obtained at a scan rate of 100 mV s-1 at a 1 mm 
diameter GC electrode at 243 K or 293 K in CH2Cl2 with 0.25 M Bu4NPF6 as the 
supporting electrolyte. 
Compound T / K Oxidation Processesa 
  Epox / Vb Epred / Vc Er1/2 / Vd ΔE / mVe 
17 293 -0.088 -0.166 -0.13 78 
 293 +0.533 +0.451 +0.49 82 
 243 +0.848    
[18]Cl 243 -0.080 -0.149 -0.12 69 
 243 +0.465 +0.324 +0.39 141 
 243 +0.794 +0.688 +0.74 106 
[18]PF6 243 +0.328 +0.257 +0.29 71 
 243 +0.584    
 243 +0.806 +0.734 +0.77 72 
[19]PF6 243 +0.291 +0.216 +0.25 75 
 293 +0.540 +0.460 +0.50 80 
 243 +0.804 +0.733 +0.77 71 
[20]PF6 243 +0.324 +0.253 +0.29 71 
 293 +0.748 +0.662 +0.71 86 
 243 +0.854    
 
aAll potentials are relative to the ferrocene/ferrocenium redox couple. bEpred = reductive 
peak potential. cEpox = oxidative peak potential. dEr1/2 = (Epred + Epox) / 2. eΔE = |Epox - 
Epred|. 
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Figure 2.15. Cyclic voltammograms recorded at 100 mV s-1 at a 1 mm planar GC 
electrode in CH2Cl2 with 0.25 M Bu4NPF6. (a) 0.77 mM [17]. (b) 1.07 mM [18]Cl. (c) 
0.85 mM [20]PF6. (d) 0.81 mM [18]PF6. (e) 0.74 mM [19]PF6. Voltammograms at 243 K 
are offset by -3 μA. 
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2.2.4.4. Reactions of [(Ind)Ru(CO)2]2 22 and [(Ind)Ru(CO)2I] 27 
The reactions of 22 with organic disulfides, 2,2-bisdithio(benzothiazole)) (Sbztz)2 
and N,N-dithiobisphthalimide (Sptlm)2 in THF at ambient temperature gave complexes 
[(Ind)Ru(CO)2(SR)], (23: SR = Sbztz; 24: SR = Sptlm), in high yields (Scheme 2.28). 
The infra-red spectrum of 23 in THF solution showed two new absorption bands at 2045 
and 1993 cm-1, assigned to terminal CO, indicative of the formation of a mononuclear Ru 
complex. The 1H NMR signals at δ 4.71 and 4.90 assignable to H1 and H2,3 are consistent 
with η5-coordination of the Ind ligand. 
Scheme 2.28. 
 














The formation of 24 from the treatment of 22 and (Sptlm)2 at ambient temperature, 
was monitored using infra-red spectroscopy in THF solution. The spectra showed the 
appearance of two new absorption bands (2040 and 1987 cm-1), which are assigned to 
terminally bound CO, at the expense of that of 22. The reaction was observed to have 
completed after 2 h. Attempts to isolate 24 either by re-crystallization in THF-toluene 
mixture at -30 °C or slow evaporation of the CH2Cl2 solution for 2 days were 
unsuccessful, as the solid obtained was a mixture of 24, (Sptlm)2 and 22. This mixture 
seems to arise from the instability of 24 in solution, reverting back to the reactants. Hence, 
the formulation of [(Ind)Ru(CO)2(SN(CO)2(C6H4))] 24 was deduced from IR 
spectroscopic data, the 1H NMR spectrum which showed the presence of η5-Ind (δ(H1) at 
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5.12 and δ(H2,3) at 5.30) and FAB+-mass spectrum  which showed the molecular ion peak 
at m/z 451. 
The reactions of 22 with other RS-SR compounds, where R = propyl, pyridine 
and nicotinic acid, did not proceed at ambient or elevated temperature. Attempted photo-
activation of 22 with 2,2’-dipryridyl disulfide (Spy)2 or 6,6’-dithiodinicotinic acid 
(Sncta)2, using tungsten lamp for 30 – 40 min, resulted in a mixture of products, the 
major components of which were the non-indenyl dicarbonyl complexes, [Ru(CO)2(Spy)2] 
25 and [Ru(CO)2(Sncta)2] 26, respectively, indicating displacement of indenyl ligand 
(Scheme 2.29). Their IR spectra showed two terminal CO stretches, 2044 and 1981 cm-1 
for 25, and 2050 and 1989 cm-1 for 26. The 1H NMR spectrum of 26 showed the absence 
of η5-Ind ligand and its FAB-mass spectrum gave the molecular ion peak at m/z 465. 
Complex 25 was previously reported by Deeming from the reaction of RuCl3 with HSpy 




22 +  2 RS-SR 2










  +  ... ...
SN






The treatment of 27 with 2-mercaptobenzothiazole (HSbztz) and Et3N in THF, at 
room temperature, led to immediate colour change from orange to yellow. The infra-red 
spectrum of the crude product solution showed the formation of a new mononuclear Ru 
complex with terminal CO stretching frequencies at 2056 and 1993 cm-1. The 
dissociation of the η5-Ind ligand was evident in the 1H NMR spectrum of the crude 
product solution, which showed the presence of [Ru(CO)2(Sbztz)2] 28 and free indene 
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(Scheme 2.30). The extrusion of free indene in this reaction was puzzling, as it was 
expected that simple halide abstraction would lead to the formation of 23, a proven stable 
complex (Scheme 2.28). It appears that a proton source in the thiol or triethylammonium 
ion could facilitate the loss of the indenyl ligand as indene.  
Scheme 2.30. 
















Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 94
2.2.4.5. Conclusion 
This study demonstrates that chloro-substitution of 3 with heterocyclic thiols led 
to three different classes of complexes: the non-indenyl Ru complex, Ru(dppf)(SPym)2 
16; the neutral complex, [(Ind)Ru(dppf)(Sbztz)] 17; and the ionic complex, 
[(Ind)Ru(dppf)(mtdztH)]Cl [18]Cl. The heterocyclic thiones displaced coordinated 
CH3CN  in [(Ind)Ru(dppf)(CH3CN)]PF6 [7]PF6, to give [(Ind)Ru(dppf)(SX)]PF6 (18: SX 
= mtdztH; 19: SX = pymtH; 20: SX = bztztH). Complexes [18 – 20]PF6 were unstable, 
the coordinated thione being easily displaced by coordinating solvent. Relative instability 
was also observed in their cyclic voltammogram with possible structural change upon 
oxidation.  
Photochemical-assisted redox reactions of [(Ind)Ru(CO)2]2 22 and heterocyclic 
disulfides (RS–SR) resulted in [(Ind)Ru(CO)2(SR)] (23: R = bztz; 24: R = ptlm).  
However, the dissociation of the indenyl ligand was observed under similar conditions 
when R = Spy or Sncta, leading to complicated mixtures. The reaction of [(Ind)Ru(CO)2I] 
27 with HSbztz in the presence of NEt3 also resulted in the cleavage of the indenyl ligand, 
giving [Ru(CO)2(Sbztz)2] 28. 
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2.2.5 Reactions of [(Ind)Ru] complexes with 1,1-dithiolates 
2.2.5.1 Reactions of [(Ind)Ru(diphos)Cl] (3: diphos = dppf; 29: diphos = 
dppm) with dithiocarbamates (DTCR-) 
The product mixture from the reaction of 3 with NaDTCR in MeOH is both 
stoichiometry- and time- dependent. Thus the use of one mole equivalent of DTCR- to 3 
gives [Ru(η2-dppf)(η2-DTCR)2] (30: R = Me; 31: R = Et; 32: R = C5H10), the hydride 
complex, [(Ind)Ru(dppf)H] 13 and free indene, while 13 was not observed with the use of 
excess DTCR- (Scheme 2.30). The release of indene in all cases is consistent with the 
formation of the non-indenyl complexes 30 – 32. 31P NMR spectroscopy showed that the 
reaction mixture contained species 3 (δ 31P: 51.7), 13 (δ 31P: 62.8), 31 (δ 31P: 47.1), and 
the hitherto-unknown 31a (δ 31P: -17.7 and 57.3), in an approximate 2 : 3 : 7 : 1 molar 
proportion after 4 h at room temperature, and finally only complexes 13 and 31 in 2 : 3 
molar ratio after 16 h. A repeat of the reaction in CH2Cl2, using 3 and NaDTCEt in 1 : 4  
molar proportion yielded a final 1 : 1 molar mixture of 31 and 31a. The new complex 
[(Ind)Ru(η1-dppf)(η2-DTCEt)] 31a was isolated in 35% yield after several fractional 
crystallizations. It was further demonstrated that the reaction of 31a with NaDTCEt in 
MeOH yielded 31 (Scheme 2.31). 
The formulation of 31a was supported by both spectroscopic data and single-
crystal X-ray diffraction analysis. The 1H NMR spectrum of 31a indicates the presence of 
a η5-Ind ligand, dppf and S2CNEt2. The phosphorus resonances at δ 57.3 and -17.7 in 31P 
NMR spectrum are consistent with the rare η1-dppf coordination mode, with the upfield 
signal associated with the an uncoordinated phosphorus atom. 
 





R = Me (30)      92%
       Et (31)       90%








= dppm For R = Et(34)  20%
R = Me (30)       56%      
       Et (31)        60%
       C5H10 (32)  58%
R = Et (33)       81%
R = Et (33)      58%
For R = Me      32%
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The progression of 3 to 31 via 31a indicates the weaker thermodynamic stability 
of bidentate dppf versus DTC, which in excess will also displace the indenyl ligand, 
accompanied by rechelation of the monodentate dppf ligand in 31a to achieve the 
favoured hexacoordination at Ru(II) in 31. We had previously isolated complex 31 in 80 
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% yield by displacement of triphenylphosphine in Ru(η2-DTCEt)2(PPh3)2 with dppf  and 
have observed mono- and bidentate exchange behaviour of the DTC ligand in solution.122  
The formation of the Ru hydride complex 13 points to the role of methoxide from 
an equilibrium as discussed before for SR- (R = Me, Et):  
  S2CNR2-  
 +   MeOH                OMe-   +   HS2CNR2
K
 
It is significant that 13 was not detected when excess DTC was used.  Although it was 
probably formed but underwent a facile H ↔ DTC exchange, as found in the reactions of 
CpRu(PPh3)2H with Cl, Br, I and SCN,130a, 170 this probability was ruled out 
experimentally; in fact 13 did not react with excess NaDTC, indicating that 13 was not 
precursor of 31. Since the formation of 31 requires two mole equivalents of DTC to 3, 
such a stoichiometric reaction was carried out in MeOH, in an attempt to further 
investigate the reaction pathways. 1H and 31P NMR spectroscopy indicated a total 
conversion to 31, as a yellow precipitate, while the reaction of the filtrate with a new 
batch of 3 for 18 h at RT generated 13 in almost quantitative yield, indicative of the 
presence of OMe- in the filtrate. This indirectly demonstrates that MeOH was the proton 
source for the conversion of the indenyl moiety to indene. 
A comparative study was carried out on the reactivity of the dppm analogue of 3, 
viz.[(Ind)Ru(dppm)Cl] 29 towards the nucleophile DTCEt-. As shown in Scheme 2.30, 
similar observations were found in MeOH solvent, giving the dppm analogue 33 of 
complex 31 and 34, an analogue of 13; the latter was not detected when the nucleophile 
was used in excess. Moreover, the dppm analogue, [(Ind)Ru(η1-dppm)(η2- DTCEt)], of 
31a was not observed, perhaps indicative of its thermodyanamic instability, though 
complexes with ‘dangling’ dppm are known.171 
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 Our previous studies showed that the outcomes of the reactions of LRu(dppf)Cl 
(L = Cp 2.15, HMB 2.17) with DTCEt-  were very different. For L = Cp, a dinuclear 
complex [CpRu(S2CNEt2)2]2(μ-dppf)  2.18, and for L = arene, the DTC ligand displaced 
the arene ligand as it did the indenyl ligand in complex 3, resulting in compound 31 
(Scheme 2.32(a,b)).79 In comparison, the analogous reaction of [CpRu(dppe)Cl] 2.19 was 
reported to give the mononuclear complex [CpRu(dppe)(η1-DTCEt)] 2.20 (Scheme 
2.32(c)).102a   
Scheme 2.32. 
+   free  dppf
 NaS2CNEt2
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2.2.5.2. Reactions of 3 and  29 with alkyl xanthates 
The reaction of 3 with KS2COR (R = Et, iPr) in MeOH at RT or in refluxing 
CH2Cl2 yielded [(Ind)Ru(η2-dppf)(η1-S2COR)] in high yield. (35: R = Et, 78 %; 36: R = 
iPr, 83%). However, dissociation of indene was observed in the reaction of 29 with 
KS2COiPr in MeOH, resulting only in [Ru(η2-dppm)(η2-S2COiPr)2] 37 (Scheme 2.33). 
Indeed, there was no indication of the formation of any (Ind)Ru complex, neither 
[(Ind)Ru(η2-dppm)(η1-S2COR)]  nor [(Ind)Ru(η1-dppm)(η2-S2COR)], which must 
presumably be  thermodynamically unstable in MeOH. Hence, a change of solvent to 
CH2Cl2 was attempted; however, unlike in the case with DTC-, there occurred no reaction 
at all even after prolonged heating.  
The 1H NMR spectra of 35 and 36 showed η5-coordination of Ind (δ(H1) at 5.16 – 
5.17, δ(H2-3) at 5.43 – 5.51). Bidentate coordination of dppf is evident from the signal 
resonance for dppf in 35 (δ 54.9) and 36 (δ 54.8). Monodentate coordination of the 
xanthate ligand was supported by X-ray diffraction analysis.  
Complex 37 was formulated, on its spectroscopic data. Its 1H NMR spectrum 
showed the absence of η5-Ind ligand and its 31P NMR spectrum showed a singlet at δ 4.1, 
assignable to chelating dppm. The FAB+-mass spectrum showed the molecular ion peak 
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2.2.5.3. Reactions of 3 and 29 with dithiophosphinates 
The reactions of 3 with NaS2PR2 gave high yields of [(Ind)Ru(dppf)(η1-S2PR2)] 
(38: R = Et; 39: R = Ph) (Scheme 2.34). The analogous reaction of the dppm complex 29 
gave the analogues of 38 and 39 in lower yields, viz. [(Ind)Ru(dppm)(η1-S2PR2)] (40: R = 
Et, 56%; 42: R = Ph, 50%), probably due to degradation to the non-indenyl compounds, 
[Ru(dppm)(S2PR2)2] (41: R = Et; 43: R = Ph) which were isolated in 4 – 5 % yields. 
The 1H NMR spectra of 38 – 40 and 42 showed η5-Ind bonding to the Ru center, δ 
(H1) at 4.84 – 5.15 and δ (H2-3) at 5.34 – 6.12). The 31P NMR spectra showed a doublet, 
assigned to the chelating diphosphine ligand (δ 53.1 – 54.8 for η2-dppf, δ 12.5 – 12.6 for 
η2-dppm) and a triplet, corresponding to the monodentate dithiophosphinate ligand (δ 
84.9 – 87.9 for S2PEt2, δ 70.9 – 71.1 for S2PPh2), indicating coupling between the 
phosphorus atoms in the two ligands. In comparison, the 31P NMR spectra of the non-
indenyl complexes 41 and 43 showed two singlets, assigned to the chelating dppm (δ 4.0 


























R = Et (41)      5%
       Ph (43)     4%
R = Et (38)   70%      
       Ph(39)   72%
R = Et (40)    56% 







2.2.5.4. Reactions of [(Ind)Ru(CO)2I] 27 with NaS2CNEt2 and KS2COiPr  
The reaction of 27 with –S2COiPr in MeOH gave within 30 min free indene and 
the six-coordinated Ru complex, [Ru(S2COiPr)2(CO)2] 44 (Scheme 2.35). It is apparent 
that the strong propensity of -S2COiPr towards chelation has facilitated the dissociation of 
the weaker indenyl ligand rather than the CO ligands. Liberation of free indene was 
















It is surmised that in order to hamper the dissociation of the indenyl ligand, a 
vacant site has to be generated for the incoming bidentate thiolate. This was attempted by 
prior removal of CO ligands in 27 with trimethylamine N-oxide dihydrate, TMNO.2H2O, 
before addition of the dithiolates. 
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It was found that decarbonylation of 27 resulted in a dark brown solution, from 
which a red solid of [(Ind)Ru(CO)(μ-I)]2 45 (70 %) was obtained, undoubtedly from 
facile dimerization of the coordinatively unsaturated [(Ind)Ru(CO)I] species. 
Complex 45 was characterized, based on its 1H NMR spectrum which showed η5-
Ind resonances at δ 4.37 (H1), 4.26 (H2-3) and 6.54 – 7.59 (H4-7), its ESI+-mass spectrum 
which gave the molecular ion peak at m/z 742.5 and on isotopic fragmentation pattern 
indicative of a Ru2 moiety, its IR spectrum which showed a terminal CO stretch at 1925 
cm-1, in addition to an X-ray diffraction anaylsis.    
The dark brown solution of 45 in CH3CN reacted slowly with -S2COiPr or              
–S2CNEt2, giving dirty green and dirty yellow solution, respectively, from which 
(Ind)Ru(CO){η2-(S-S)} (46: S-S = S2COiPr, 81 %; 47: S-S = S2CNEt2, 34 %) were 
isolated via column chromatographic separation (Scheme 2.36).  
The infra-red spectra of 46 and 47 in THF showed a new CO stretching frequency 
at 2041 and 2031 cm-1, respectively. The presence of η5-Ind ligand was again indicated 
by the 1H NMR signals at δ 4.77 – 4.85 (H1), 5.07 – 5.16 (H2-3) and 6.83 – 7.16 (H4-7). 
The molecular ions were observed at m/z 380 and 393, respectively. The structure of 47 
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2.2.5.5. Crystallographic studies 
 Complex 31a crystallized in triclinic, P-1 space group. The molecular structure is 
illustrated as the ORTEP diagram (Figure 2.16) which shows Ru coordinated to η5-Ind, 
bidentate S2CNEt2 and η1- dppf ligand.  
 
Figure 2.16. ORTEP diagram of 31a. Thermal ellipsoids are drawn to 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond parameters: Δ = 0.123 Å; 
HA = 4.68 º; FA = 3.53 º; C* - Ru1 = 1.873 Å; Ru1 – P1 = 2.2392 (13) Å; Ru1 – S1 = 
2.4068 (13) Å; Ru1 – S2 = 2.3826 (14) Å; S1 – C10 = 1.699 (5) Å; S2 – C10 = 1.718 (5) 
Å; S1 – Ru1 – S2 = 71.85 (4) º; S1 – Ru1 – P1 = 93.73 (5) º; S2 – Ru1 – P1 = 88.04 (5) º; 
S1 – C10 – S2 = 110.7 (3) º; S1 – C10 – N1 = 126.3 (4) º; S2 – C10 – N1 = 122.9 (4) º; 
C10 – N1 – C11 = 121.1 (4) º; C10 – N1 – C13 = 119.7 (4) º; Ru1 – P1 – C21 = 111.90 
(16) º. 
Selected bond parameters are given in Figure 2.16. The slip-fold parameters of the 
indenyl ligand suggest an almost perfect η5-coordination, with the benzenoid ring 
“flipped” towards the Ru center, probably a consequence of the relief in steric congestion 
around the metal center. While the bond lengths and bond angles of the bidentate 
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S2CNEt2 fall between reported values,122 the dppf ligand adopts a rare η1-coordination 
mode. As far as we are aware, this is the first example of a structurally characterized 
mononuclear complex with η1-dppf. The pendant PPh2 group is pointing away from the 
[(Ind)Ru(S2CNEt2)] fragment. The Cp rings of dppf are almost eclipsed (anticlinal) to 
each other, with torsional angle (τ) of 136.58 °. 
Complexes 35, 38 and 42 have been characterised by single-crystal X-ray 
diffraction analysis. Complex 35 crystallizes in triclinic, P-1 space group. Its asymmetric 
unit contains one ruthenium complex and two dichloromethane solvent molecules. The 
Ru center is coordinated to η5-Ind, η2-dppf and a monodentate xanthante ligand. 
Complexes 38 and 42 crystallize in triclinic P-1 and monoclinic P21/c space groups, 
respectively. Like 35, both complexes contain a ruthenium center, coordinated to η5-Ind, 
η2-diphosphine and a monodentate dithiophosphinate ligand. The dithiophosphinate 
ligand in 38 was found to be disordered. The ORTEP diagrams of complexes 35, 38 and 
42 are shown in Figure 2.17, 2.18 and 2.19, respectively, and selected bond parameters 
are listed in Table 2.9. 
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Figure 2.17. ORTEP diagram of 35. Thermal ellipsoids are drawn to 50% probability 
level. Hydrogen atoms are omitted for clarity. 
 
Figure 2.18. ORTEP diagram of 38. Thermal ellipsoids are drawn to 50% probability 
level. Ph rings and hydrogen atoms are omitted for clarity. 
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Figure 2.19. ORTEP diagram of 42. Thermal ellipsoids are drawn to 50% probability 
level. Hydrogen atoms are omitted for clarity. 
Table 2.9. Selected bond distances (Å) and angles (°) for complex 35, 38 and 42 
Complexes 35  38 42 
Δ / Å 0.152  0.203 0.128 
Hinge Angle (HA)/° 6.23  7.52 6.38 
Fold Angle (FA)/° 9.21  12.91 4.96 
     
C* – Ru1 1.918  1.941 1.884 
Ru1 – P1 2.3110 (7)  2.2516 (19) 2.2695 (19) 
Ru1 – P2 2.2618 (7)  2.3181 (18) 2.242 (2) 
Ru1 – S1 2.3964 (7)  2.4647 (18) 2.439 (2) 
S1 – C10 1.712 (3) S1 – P3 Disorder 2.044 (3) 
S2 – C10 1.674 (3) S2 – P3 Disorder 1.965 (3) 
C10 – O1 1.331 (4) P1 – C10 - 1.848 (7) 
  P2 – C10 - 1.848 (8) 
P1 – Ru1 – P2 97.43 (3)  98.98 (7) 72.20 (7) 
S1 – Ru1 – P1 89.31 (3)  89.27 (7) 84.98 (7) 
S1 – Ru1 – P2 86.53 (3)  86.07 (6) 84.76 (7) 
Ru1 – S1 – C10 116.03 (10) Ru1 – S1 – P3 Disorder 117.45 (10) 
S1 – C10 – S2 120.60 (17) S1 – P3 – S2 Disorder 121.02 (14) 
S1 – C10 – O1 116.4 (2) P1 – C10 – P2 - 92.0 (3) 
S2 – C10 – O1 123.0 (2)    
C10 – O1 – C11 118.5 (2)    
 
 The penta-coordinated indenyl ligands in 35 and 42 did not show noticeable 
distortion, while that of 38 showed a slight distortion (See section 1.1, Table 1.1).12 The 
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fold angle of complex 42 indicates that the benzenoid ring of the indenyl ligand bends 
towards the ruthenium center rather than away as observed in complexes 35 and 38. This 
presumably is due to the coordination of a less sterically demanding dppm compared to 
dppf. The shorter C* - Ru1 bond length in 42 compared to those of 35 and 38 again 
indicates that dppf is a stronger σ-donors than dppm.28 Another interesting feature of 
complexes 35, 38 and 42 is the orientation of the monodentate dithiolate ligand. The non-
coordinating S atom of the xanthate ligand in 35 is oriented away from the indenyl ligand, 
whereas those of the dithiophosphinate ligands in 38 and 42 are pointing towards the 
indenyl ligands, as shown in their stereo views. This probably can be explained by the 
steric repulsions between the two R groups bonded to the P in dithiophosphinate ligands 
and the indenyl ligands.  
The six-coordinated complexes 33, 37 and 43 have also been characterized by X-
ray diffraction analysis. Complexes 33 and 43 crystallize in triclinic, P-1 space group 
with two and three dichloromethane solvent molecules, respectively, while complex 37 
crystallizes in monoclinic, P21/c space group, with two half dichloromethane solvent 
molecules. One of the NEt2 groups in 33 is disordered. The ORTEP diagrams of 33, 37 
and 43 are shown in Figure 2.20, 2.21 and 2.22, showing the coordination of Ru to two 
chelating –S2R moieties (R = CNEt2, COiPr and PPh2) and a chelating dppm. Their 
distorted octahedral geometries were a consequence of the restrictions on the bite angels 
of three chelating ligands.  
Selected bond distances and bond angles are listed in Table 2.10.  
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Figure 2.20. ORTEP diagram of 33. Thermal ellipsoids are drawn to 50% probability 
level. Hydrogen atoms are omitted for clarity. 
 
Figure 2.21. ORTEP diagram of 37. Thermal ellipsoids are drawn to 50% probability 
level. Hydrogen atoms are omitted for clarity. 
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Figure 2.22. ORTEP diagram of 43. Thermal ellipsoids are drawn to 50% probability 
level. Hydrogen atoms are omitted for clarity. 
 
Table 2.10. Selected bond distances (Å) and angles (°) for complex 33, 37 and 43 
Complexes 33 37  43 
Ru1 – P1 2.2407 (9) 2.2438 (11)  2.2375 (12) 
Ru1 – P2 2.2371 (10) 2.2688 (10)  2.2390 (12) 
Ru1 – S1 2.4690 (10) 2.3886 (10)  2.4392 (12) 
Ru1 – S2 2.3840 (10) 2.4517 (11)  2.5369 (12) 
Ru1 – S3 2.3839 (11) 2.4616 (11)  2.5580 (12) 
Ru1 – S4 2.4622 (10) 2.3854 (10)  2.4311 (12) 
P1 – C1 1.850 (4) 1.832 (4)  1.845 (5) 
P2 – C1 1.852 (4) 1.841 (4)  1.853 (5) 
S1 – C2 1.719 (3) 1.695 (4) S1 – P3 2.0193 (16) 
S2 – C2 1.726 (3) 1.688 (4) S2 – P3 1.9947 (16) 
S3 – C3 1.724 (4) 1.696 (4) S3 – P4 2.0015 (16) 
S4 – C3 1.702 (4) 1.685 (4) S4 – P4 2.0192 (17) 
X1 – C2 X=N; 1.321 (4) X=O; 1.321 (5)  - 
X2 – C3 X=N; disorder X=O; 1.322 (5)  - 
     
P1 – Ru1 – P2 73.07 (4) 72.48 (4)  73.56 (4) 
S1 – Ru1 – S2 72.02 (3) 71.98 (3)  80.26 (4) 
S3 – Ru1 – S4 71.99 (3) 72.02 (4)  79.80 (4) 
P1 – C1 – P2 92.10 (17) 93.14 (19)  92.9 (2) 
S1 – C2 – S2 111.89 (18) 114.5 (2) S1 – P3 – S2 106.11 (7) 
S3 – C3 – S4 112.53 (19) 114.9 (2) S3 – P4 – S4 105.56 (7) 
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The Ru – S bonds trans to the phosphine ligand are found to be longer, a 
consequence of the trans-influence of the phosphine ligand. Other interatomic distances 
and bond angles are comparable to those reported.122, 172 
The molecular structure of the di-iodo bridged complex 45 has been determined 
by single-crystal X-ray diffraction analysis, and its ORTEP diagram is shown in Figure 
2.23. Selected bond parameters are tabulated in Table 2.11. The structure contains a plane 
of symmetry which cuts through the two Ru centers, the two CO ligands and the center of 
the two η5-Ind ligands through C11 and C21. The distances from the centroid of the 
indenyl ligands to Ru1 and Ru2 are 1.874 Å and 1.885 Å, respectively. As in 
[(Ind)Ru(CO)2]2, the structure possesses two trans [(Ind)Ru(CO)] fragments. However, 
unlike the former, there is no interaction between Ru1 and Ru2 (4.014 Å) in 45.  
 
Figure 2.23. ORTEP diagram of 45 with 50% probability thermal ellipsoids. H atoms are 
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Table 2.11. Selected bond distances (Å) and angles (°) for complex 45 
Complexes 45 
 Ind Ru1 Ind Ru2 
Δ / Å 0.162 0.185 
Hinge Angle (HA)/° 6.32 5.87 
Fold Angle (FA)/° 3.96 4.18 
 
C* – Ru1 1.874 I1−Ru1−I#1 84.37 (4) 
C* - Ru2 1.885 I1−Ru2−I#1 84.35 (4) 
Ru1−Ru2 4.014 C10−Ru1−I1 93.1 (4) 
Ru1−I1 2.716 (10) C20−Ru2−I1 92.5 (4) 
Ru2−I1 2.717 (10) Ru1−I1−Ru2 95.26 (3) 
Ru1−C10 1.820 (15)   
Ru2−C20 1.812 (16)   
 
The molecular structure of 47 was determined by single X-ray diffraction analysis 
and the ORTEP diagram is depicted in Figure 2.24, together with selected bond 
parameters. The molecular structure shows a three-legged piano-stool configuration at 
Ru(II), being coordinated to the indenyl ligand, a bidentate DTCEt and one CO ligand. 
The slip-fold parameters for 47 suggested η5-coordination of Ind.12 The extensive 
electron delocalization in the DTCEt ligand can be observed in the bond lengths of S1 – 
C11 (1.712 (4) Å), S2 – C11 (1.724 (4) Å) and C11 – N1 (1.320 (5) Å), which possessed 
bond character between that of a single and a double bond (C – S = 1.81 Å; C=S = 1.61 Å; 
C – N = 1.47 Å; C=N = 1.27 Å).115  
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Figure 2.24. ORTEP diagram of 47 with 50% probability thermal ellipsoids. H atoms are 
omitted for clarity. Selected bond parameters: Δ = 0.165 Å; HA = 6.81 º; FA = 4.83 º; C* 
- Ru1 = 1.910 Å; Ru1 – S1 = 2.4035 (10) Å; Ru1 – S2 = 2.3930 (10) Å; S1 – C11 = 
1.712 (4) Å; S2 – C11 = 1.724 (4) Å; C11 – N1 = 1.320 (5) Å; Ru1 – C10 = 1.807 (4) Å; 
S1 – Ru1 – S2 = 72.22 (3) º; S1 – C11 – S2 = 110.7 (2) º. 
It was noted that complexes 31a, 42, 45 and 47 have small FA values and, in fact, 
the FA values were smaller compared to their corresponding HA values. This observation 
is unusual for η5-indenyl complexes (see Figure 2.25 and Table 2.12).  
 
Figure 2.25. (a) Hinge angle (HA) and (b) Fold angle (FA) of complex 45 
Table 2.12. Comparison of slip-fold parameters between 31a, 42, 45, 47 and other 
(Ind)Ru complexes  
Complex ∆ (Å) HA (°) FA (°) 
[(Ind)Ru(S2CNEt2)(η1-dppf) 31a 0.123 4.68 3.53 
[(Ind)Ru(dppm)(η1-S2PPh2) 42 0.128 6.38 4.96 
[(Ind)Ru(CO)I]2 45 0.162, 0.185 6.32, 5.87 3.96, 4.18 
[(Ind)Ru(CO)(S2CNEt2)] 47 0.165 6.81 4.83 
[(Ind)Ru(CO)I{P(CH2Ph)3}]173 0.10 3.32 5.59 
[(Ind)RuH(PPh3)2]28 0.154 5.1 8.4 
 
(a)                                                             (b) 
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The observed small FA values are probably due to the absence of any bulky 
ligand directly below the benzenoid ring of the Ind ligand in 31a, 42, 45 and 47 as 
compared to [(Ind)Ru(CO)I{P(CH2Ph)3}] and [(Ind)RuH(PPh3)2]. In these two latter 
phosphine complexes, the steric repulsion between the indenyl and bulky phosphine 
ligands causes the benzenoid ring to “flip” away from the Ru center, hence resulting in 
larger FA values. 
It was also observed that the CO ligands in 45 and 47 are trans to the benzenoid 
ring of the indenyl ligands (Figure 2.26). Faller and Crabtree explained this preferred 
orientation as an enhancement to recover the resonance energy in the benzeniod ring.161 
This is because when the ligand with the greatest trans effect (i.e. CO ligand for both the 
complexes 45 and 47) is trans to the ring junction C−C bond of the indenyl ligand, the 
distance between metal to ring junction carbons increases, thus reducing the interactions 
of the p orbitals of the ring junction carbons with metal center and allowing greater 
interaction with the benzenoid ring.161  
 
         
  Figure 2.26. Orientation of  (i) complex 47                            (ii) complex 45                   
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2.2.5.6. Theoretical study of the lability of Ind ligand 
 The foregoing results indicate that the lability of the indenyl ligand is influenced 
by both the incoming 1,1-dithiolate as well as the co-ligands, i.e. dppf, dppm or CO.  
The tendency for the dissociation of the indenyl ligand was observed to follow the 
trend: (i) dithiolates: -S2CNR2 > -S2COR > –S2PR2; (ii) co-ligands: CO > dppm > dppf. 
While the indenyl ligand is most labile with –S2CNR2, which has the lowest electron 
density around the S atoms due to extensive electron delocalization in the molecule; it is 
least labile with –S2PR2, which has the most localized electron density around the S atoms. 
This observation indicates that electron-rich Ru center will facilitate chelation of 
electron-poor dithiolate ligands, but not of electron-rich dithiolate ligand and vice versa. 
In the absence of a vacant site or an easily displaceable ligand, chelation of dithiolate 
ligand will inevitably result in dissociation of the indenyl ligand.  
On the other hand, as the benzenoid ring of the indenyl ligand can be considered 
as an electron-withdrawing group,23 an electron-rich Ru center will provide stronger 
interaction to η5-Ind. This is consistent with the observation that labilization of the 
indenyl ligand is more pronounced in [(Ind)Ru] with electron-accepting co-ligands, i.e. 
CO (strongest π-acceptor) > dppm > dppf (strongest σ-donor).28  
 In order to better understand the lability of the indenyl ligand, an estimation of  
energy involved in η5Æ η3 slippage in the complexes [(Ind)Ru(L)2(S2COMe)] (D: L = 
PMeH2; E: L = PH3; F: L = CO) was calculated, with D representing the strongest σ-
donor ligand, followed by E and F being the strongest π-acceptor. The dissociation of the 
indenyl ligand via η5Æ η3Æ η1 has been considered and the results are presented in 
Figure 2.27. 











L = PMeH2 (D)
L = PH3      (E)


















Figure 2.27.  Energy diagram of ring slippage from η5Æ η3 
It was found that η5Æ η3 ring slippage for [(Ind)Ru] bearing ligands D and E has 
comparable activation energy (67 and 70 k/mol, respectively), with the η5Æ η3 slippage 
process of D being slightly more endothermic (7.4 kJ/mol). However, a remarkable 
difference was observed in the case of strong π-acceptor, CO in complex F. Not only the 
activation energy of the slippage is almost half of that compared to both D and E (33 
kJ/mol), the η3-Ind coordination mode is more favourable, with the η5Æ η3 slippage 
process being exothermic (-13 kJ/mol). This is consistent with the explanation that 
stronger σ-donor ligands enhance the interaction between electron-rich Ru and the η5-Ind 
ligand and vice versa. Therefore, as the dithiolate ligand tends to chelate to the electron 
deficient Ru, the weak interaction of η5-Ind ligand and the Ru center would have 
Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 116
facilitated the ease of slippage from η5Æ η3, thus the combination of these “push/pull” 
factors would lead to the dissociation of the indenyl ligand. 
 
2.2.5.7. Electrochemical studies 
Cyclic voltammograms of 0.5 mM solutions of 36 and 39 in CH2Cl2 at 233 K 
obtained at a GC electrode are shown in Figure 2.28. Complex 36 displayed one 
chemically irreversible oxidation process at ~ 0 V vs. Fc/Fc+. Complex 39 showed three 
oxidation processes although the two most positive processes displayed small reverse 
peaks when the scan direction was reversed, suggesting instability of the highly oxidized 
states. Both compounds displayed one chemically irreversible reduction process at ~ -2.5 
V vs. Fc/Fc+ (data not shown), with a similar current magnitude to the first oxidation 
process (indicating that the same number of electrons were transferred). 
Table 2.13 lists the reversible oxidation potentials (Er1/2) that were calculated 
from CV data under conditions where the ratio of the oxidative (ipox) to reductive (ipred) 
peak currents were equal to unity and using the relationship 
Er1/2 = (Epox + Epred)/2     (1) 
where Epox and Epred are the anodic and cathodic peak potentials, respectively. In 
situations where no reverse peak was observed, only the peak potential is given. The peak 
currents were similar to those obtained under identical conditions for the one-electron 
oxidation of 3, 10, 12, 2.15 and 2.16, suggesting that 36 and 39 were also oxidized by one 
electron. However, 3, 10, 12, 2.15 and 2.16 showed two or three one-electron chemically 
reversible oxidation processes, whilst cyclic voltammograms performed on solutions of 
36 and 39 indicated that their oxidized states were relatively unstable even at low 
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temperatures (Figure 2.28). Based on previous studies it is thought that the initial 
oxidation process in Figure 2.28 for 36 and 39 is associated with Ru(II) being oxidized to 
Ru(III), (rather than oxidation of the Fe) since this process is very sensitive to the 
substituent (S or Ind) coordinated to the ruthenium. 
 
Table 2.13. Cyclic voltammetric data obtained at a scan rate of 100 mV s-1 at a 1 mm 
diameter glassy carbon electrode at 233 K in CH2Cl2 with 0.25 M Bu4NPF6 as the 
supporting electrolyte. 
Compound Oxidation Processesa Reduction Process 
 Epox / Vb Epred / Vc Er1/2 / Vd ΔE / 
mVe 
Epred / Vc  
36  -0.023      
      -2.473  
39  -0.004 -0.068 -0.04 64   
  +0.540      
  +0.830      
      -2.385  
aAll potentials are relative to the ferrocene/ferrocenium redox couple. bEpred = reductive 
peak potential. cEpox = oxidative peak potential. dEr1/2 = (Epred + Epox) / 2. eΔE = |Epox - 
Epred|. 
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Figure 2.28. Cyclic voltammograms performed at a 1 mm diameter planar GC electrode 




The reactions of 3 and 29 with dithiocarbamate ligands resulted in the dissociation 
of the indenyl ligand, giving [Ru(diphos)(S2CNR2)2] (diphos = dppf, dppm) and the 
corresponding hydride species [(Ind)Ru(diphos)H], the yield of which is solvent- and 
stoichiometry- dependent. A change of solvent from MeOH to CH2Cl2 led to the isolation 
of [(η5-Ind)Ru(η1-dppf)(η2-S2CNEt2) 31a, which represents the first structurally 
characterised mononuclear complex with η1-dppf, and the intermediate to the non-indenyl 
complex, [Ru(dppf)(S2CNEt2)2] 31.  
Chloro-substitution of 3 and 29 by xanthate and dithiophosphinate ligands yielded 
monodentate 1,1-dithiolate complexes, [(Ind)Ru(diphos)(η1-S2X)] (diphos = dppf, X = 
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COR, PR2; diphos = dppm, X = PR2), and the non-indenyl complex, [Ru(dppm)(S2X)2] 
(X = COR, PR2), respectively. The dissociation of the indenyl ligand was observed in the 
reaction of 27 with –S2COiPr, but could be circumvented by chemically-assisted 
decarbonylation using Me3NO.2H2O prior to addition of thiolates. It was found that the 
formation of [(Ind)Ru(CO)(S2X)] (X = COiPr, CNEt2) proceeded via the intermediate 
[(Ind)Ru(CO)(μ-I)]2 45. 
  Based on halide-subsitution reactions of 3, 27 and 29 by 1,1-dithiolate ligands, the 
lability of the indenyl ligand was observed to be influenced by the co-ligands (CO > 
dppm > dppf) as well as the incoming 1,1-dithiolate ligands (S2CNR2 > S2COR > S2PR2). 
This has been further supported by a theoretical calculation, which showed the ease of η5 
Æ η3 slippage followed the increasing order of electron-donating capability of the co-
ligands, i.e. CO > dppm > dppf. 
 Cyclic voltammetry experiments of 36 and 39 indicated their oxidized states were 
relatively unstable even at low temperatures, resulted in one chemically irreversible 
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2.3. Experimental 
General.   
All reactions were carried out using conventional Schlenk techniques under an 
inert atmosphere of nitrogen or under argon in an M. Braun Labmaster 130 Inert Gas 
System.  
NMR spectra were measured on a Bruker 300 MHz FT NMR spectrometer (1H at 
300.14 MHz, 31P{1H} at 121.49 MHz and 13C{1H} at 75.43 MHz); for 1H and 13C spectra, 
chemical shifts were referenced to residual solvent in the deutero-solvents - C6D6, CDCl3, 
(CD3)2CO, CD3CN, CD3OD, CD2Cl2, C6D5CD3 or C4D8O; while 31P spectra referenced 
to external H3PO4. IR spectra were obtained as KBr pellets or as a solution measured in 
the range 4000-400 cm-1 on a Shimadzu Prestige-21 FTIR-8400S spectrometer or a 
BioRad FTS-165 FTIR instrument. Mass spectra were run on a Finnigan Mat 95XL-T 
(FAB) or a Finnigan-MAT LCQ (ESI) spectrometer. Elemental analyses were performed 
by the microanalytical laboratory in-house. Gas Chromatography (GC) analyses were 
carried out on a GC/FID (Perkin-Elmer Autosystem-XL) equipped with a capillary 
column (HP-1, 0.32 mm id x 30 m).  
Electrochemical and EPR experiments were performed by Dr. Richard Webster 
using instrumental set up and procedures given in Appendix. 
Theoretical calculations were carried out by Dr. Fan Wai Yip and the 
experimental details were given in Appendix. 
For X-ray diffraction experiments, crystals were mounted on quartz fibres. X-ray 
data were collected on a Bruker AXS APEX system, using Mo Kα radiation, with the 
SMART suite of programs. 174  Data were processed and corrected for Lorentz and 
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polarisation effects with SAINT, 175  and for absorption effects with SADABS. 176 
Structural solution and refinement were carried out with the SHELXTL suite of 
programs.177 Crystal and refinement data are summarised in Appendix. The structures 
were solved by direct methods or Patterson maps to locate the heavy atoms, followed by 
difference maps for the light, non-hydrogen atoms. All non-hydrogen atoms were 
generally given anisotropic displacement parameters in the final model.  
[(Ind)Ru(PPh3)2Cl] 1,7 [CpRu(PPh3)2Cl] 1a,25b [(Ind)Ru(dppm)Cl] 29,147 
[(Ind)Ru(CO)2]2 22, * 8 [(Ind)Ru(CO)2I] 27,31 HS(CH2)2PPh2 178  and IndH(CH2)2PPh2 
LH 179  was prepared by published method. All other chemicals were obtained 
commercially and used without any further purification. All solvents were dried over 
sodium/benzophenone and distilled before use. Celite (Fluka AG), silica gel (Merck 
Kieselgel 60, 230-400 Mesh) were dried at 140oC overnight before chromatographic use. 















                                                 
* Complex 22 was synthesized from the reaction of Ru3(CO)12 and indene in refluxing xylene for 24 h.  
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2.3.1. Reactions of [(L)Ru(PPh3)2Cl] (L = Cp 1a, Ind 1) with phosphine 
ligand  
2.3.1.1. Reaction of 1 with IndH(CH2)2PPh2 (LH) 
To a red solution of 1 (70 mg, 0.09 mmol) in toluene (10 mL), LH (35 mg, 0.11 
mmol) were added. The mixture was heated at 80 °C for 4 h. The resultant red solution 
was concentrated to ca. 1 mL and eluted through a silica gel column (2 x 2 cm) prepared 
in n-hexane with toluene:ether (10:1). From the red eluate, red microcrystals of 
[(Ind)Ru(PPh3)(PPh2(CH2)2IndH)Cl] 2 (57 mg, 75 % yield) were obtained upon 
recrystallization from THF/hexane. X-ray diffraction-quality crystals were obtained from 
a concentrated ether solution with hexane layering after 2 days at -30 ºC.  
Data for 2. 1H NMR (C6D6): δ 1.73 – 1.90 (br. m, 1H, CH2), 2.18 – 2.30 (br. m, 1H, 
CH2), 2.93 (s, 2H, CH2 on IndH), 3.15 (s, 1H, CH2), 3.40 – 3.52 (m, 1H, CH2), 4.95 – 
5.00 (m, H2,3, Ind), 5.78 (s, 1H, H1), 6.57 – 6.60 (d-like m, 1H, IndH), 6.79 – 6.81, 6.84 – 
6.94, 6.98 – 7.13, 7.19 – 7.22 (each m, total 29H, Ph), 7.65 – 7.68 (d-like m, 1H, Ph), 
8.25 (t-like m, 2H, Ph). 31P{1H} NMR (C6D6): δ 46.5, 50.0 (each d, 2JPP = 42.9 Hz, PPh3 
and IndH(CH2)2PPh2). IR (ν cm-1, KBr): 3050 w, 1480 w, 1433 m, 1326 w, 1091 m, 744 
s, 697 s, 517 s. FAB+-MS: m/z 842 [M]+, 808 [M – Cl]+, 691 [M – Ind]+, 581 [M – PPh3]+, 
545 [M – PPh3 – Cl]+, 479 [M – IndH(CH2)2PPh2 – Cl]+, 429 [M – Ind – PPh3 – Cl]+. 
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2.3.1.2. Reaction of 1 with dppf 
Dppf (0.76 g, 1.37 mmol) was added into a red solution of 1 (1 g, 1.29 mmol) in 
toluene (15 mL) and the mixture refluxed for 2 h. Red air- and moisture- stable 
crystalline solids, [(Ind)Ru(dppf)Cl] 3, precipitated out from the solution and were 
filtered (0.62 g, 60 % yield). The supernatant was concentrated to ca. 5 mL. Addition of 
hexane (ca. 2 mL) gave a second crop after 2 h at 0 °C. (0.27 g, 26 % yield). In solution, 
the red compound of 3 decomposed in air within a day to a brown species. X-ray 
diffraction-quality crystals were obtained from a saturated solution of 3 in C6D6 after a 
day at room temperature. 
Data for 3. 1H NMR (C6D6): δ 3.66, 3.83, 3.90 and 4.20 (each s, 2H, C5H4), 4.66 (t, 3JHH 
= 2.5 Hz, 1H, H1), 5.57 (s, 2H, H2,3), 7.01 – 7.13 and 7.47 – 7.58 (m, 24H, H4-7 and Ph). 
31P{1H} NMR (C6D6): δ 51.9 (s, dppf). IR (ν cm-1, KBr): 3068 m, 3050 m, 2922 w, 1640 
m, 1480 m, 1434 s, 1388 w, 1324 m, 1156 m, 1090 s, 1030 s, 856 m, 824 m, 786 w, 744 
vs, 698 vs, 680 m, 548 s, 515 vs. FAB+-MS: m/z 806 [M]+, 771 [M-Cl]+, 655 [M-Cl-Ind]+. 
Anal. Calc. (Found) for C43H35ClFeP2Ru: C, 64.1 (64.3); H, 4.4 (4.1). 
 
2.3.1.3. Reaction of 1 with tripod 
To a red solution of 1 (50 mg, 0.06 mmol) in toluene:THF (5:1, 12 mL), NaPF6 
(20 mg, 0.12 mmol) and tripod (40 mg, 0.06 mmol) were added. The mixture was 
refluxed for 4 h, during which the colour of the mixture changed from red to yellow. The 
resultant yellow suspension was filtered through celite. The filtrate was concentrated to 
ca. 5 mL. Addition of ether (2 mL) gave yellow microcystals, [(Ind)Ru(tripod)]PF6 
[4]PF6, after 1 day at -30 °C (51 mg, 83 % yield). X-ray diffraction-quality crystals were 
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obtained from a saturated solution of [4]PF6 in CH2Cl2 with ether layering after 2 days at 
-30 °C. 
Data for [4]PF6. 1H NMR (CD3CN): δ 1.56 – 1.57 (m, 3H, Me), 2.39 (br. s, 6H, CH2), 
5.51 (d, 3JHH = 2.5 Hz, 2H, H2,3), 5.70 (t, 3JHH = 2.5 Hz, 1H, H1), 6.78 – 6.82 (br. s, 12H, 
Ph), 7.04 (t, 3JHH = 7.4 Hz, 12H, Ph), 7.22 (t, 3JHH = 7.4 Hz, 6H, Ph), 7.31 – 7.34 and 7.43 
– 7.47 (each m, 2H, H4-7). 31P{1H} NMR (CD3CN): δ 39.9 (s, tripod), -142.9 (septet, 1JPF 
= 706 Hz, PF6). IR (ν cm-1, KBr): 3058 w, 2923 w, 2868 w, 1482 w, 1434 m, 1092 m, 
839 vs (PF6), 744 m, 697 s, 557 m (PF6), 517 s. FAB+-MS: m/z 841 [M]+. FAB--MS: m/z 
145 [PF6]-. Anal. Calc. (Found) for C50H46P4F6Ru: C, 60.9 (60.5); H, 4.7 (5.2). 
 
2.3.1.4. Reaction of 1 with (R)-(S)-Josiphos 
((R)-(S)-Josiphos) (23 mg, 0.04 mmol) was added into a red solution of 1 (30 mg, 
0.04 mmol) in toluene (5 mL) and the mixture was refluxed. The reaction was monitored 
using 31P NMR. Refluxing was ceased when the ratio of starting materials and product 
remained constant (ca. 8 h). The solution was concentrated to ca. 2 mL and loaded onto a 
silica gel column (2 x 8 cm) prepared in n-hexane. Elution gave three fractions: (i) a 
yellow eluate in hexane:ether (1:1, ca. 4 mL), which recovered free (R)-(S)-Josiphos (2 
mg, 9 % recovery); (ii) an orange-red solution in hexane:ether (1:1, ca. 15 mL), which 
yielded [R-(Ind)Ru(Josiphos)Cl] R-5 (12 mg, 37 % yield) as orange solids. (iii) a red 
solution in THF (ca. 3 mL), which recovered unreacted 1 (2 mg, 7 % recovery).  
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Data for R-5. 1H NMR (C6D6): δ 0.87 – 1.10 (br. m, 6H, Cy), 1.24 – 1.56 (br. m) with 
1.47 (dd, sitting on top of br. m, 3JHH = 7.41 Hz, 2JHP = 9.9 Hz, total 11H, Cy and Me), 
1.63 – 1.68 (br. m, 1H, Cy), 1.76 – 1.85 (br. m, 2H, Cy), 1.94 – 1.98 (br. m, 2H, Cy), 2.18 
– 2.32, 2.37 – 2.50 and 2.60 – 2.68 (each br. m, 1H, Cy), 3.68 (s, 5H, Cp), 4.06 (t-liked m, 
1H, Cp), 4.19 and 4.23 (each br. s, 1H, Cp), 5.22 – 5.29 (m, 1H, CHMeP(Cy)2), 5.34 (s, 
1H, H1), 5.73 (s, 2H, H2,3), 6.89 – 6.94, 6.99 – 7.08, 7.11 – 7.16, 7.24 – 7.30, 7.44 – 7.49, 
7.52 – 7.59 and 7.75 – 7.78 (each m, total 14H, H4-7 and Ph). 31P{1H} NMR (C6D6): δ 
36.0 (d, 2JPP = 53.4 Hz, Josiphos), 77.3 (d, 2JPP = 53.4 Hz, Josiphos). IR (ν cm-1, KBr): 
3051 w, 2925 vs, 2850 m, 1435 m, 1327 w, 1264 w, 1160 w, 1090 w, 1047 w, 1002 w, 
819 w, 742 s, 698 vs, 551 m, 513 s. FAB+-MS: m/z 846 [M]+, 812 [M – Cl]+. Anal. Calc. 
(Found) for C45H51ClFeP2Ru: C, 63.9 (63.9); H, 6.1 (6.3). 
 
2.3.1.5. Reaction of 1a with (R)-(S)-Josiphos 
(R)-(S)-Josiphos (18 mg, 0.03 mmol) was added into a yellow solution of 1a (30 
mg, 0.04 mmol) in toluene (5 mL) and the mixture was refluxed 8 h. The solvent was 
removed under vacuo and the residue extracted using ether (3 x 2 mL).  
Purification method 1: 
The ether extract was concentrated to ca. 1 mL and loaded onto a silica gel column (2 x 4 
cm) prepared in n-hexane. Elution gave two fractions: (i) a yellow eluate in hexane:ether 
(5:1, ca. 20 mL), which yielded [R-CpRu((R)-(S)-Josiphos)Cl] R-6 (28 mg, 85 % yield) 
as orange microcrystals. (ii) a yellow solution in hexane:ether (1:1, ca. 3 mL), which gave 
unreacted 1a (6 mg, 20 % recovery).  
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Purification method 2: 
The ether extract was concentrated to ca. 1 mL and hexane was added (ca. 2 mL). 
Orange solids of 1a were recovered after 1 day at -30 °C, and removed by filtration (5 mg, 
16 % recovery). The mother liquor was concentrated to ca. 1 mL and hexane was added 
(ca. 4 mL). Orange yellow solids of R-6 were obtained after 1 day at -30 °C, (15 mg, 46 
% yield). Subsequently, 4 additional crops of R-6 were obtained, each ca. 3 mg (total 11 
mg, 34 % yield).  X-ray diffraction-quality crystals were obtained from a concentrated 
ether solution with hexane layering after a day at -30 ºC. 
Data for R-6. 1H NMR (C6D6): δ 0.61 – 0.77 (br. m, 2H, Cy), 1.29 – 1.55 (br. m) with 
1.52 (dd, sitting on top of br. m, 3JHH = 7.41 Hz, 2JHP = 9.06 Hz, total 13H, Cy and Me), 
1.65 – 1.92 (br. m, 6H, Cy), 2.09 – 2.18 and 2.41 – 2.46 (each br. m, 2H, Cy), 3.79 (s, 5H, 
Cp), 4.11 (t, 3JHH = 2.49 Hz, 1H, Cp), 4.27 and 4.30 (each br. s, 1H, Cp), 4.49 (s, 5H, η5-
CpRu), 5.23 – 5.34 (m, 1H, CHMeP(Cy)2), 6.85 – 6.90 and 7.20 – 7.23 (each m, 1H, Ph), 
6.93 – 6.97, 7.01 – 7.06 and 7.31 – 7.36 (each m, 2H, Ph), 8.71 (br. s, 2H, Ph). 31P{1H} 
NMR (C6D6): δ 37.5 (d, 2JPP = 53.4 Hz, Josiphos), 67.2 (d, 2JPP = 53.4 Hz, Josiphos). IR 
(ν cm-1, KBr): 3062 w, 2923 vs, 2847 m, 1637 w, 1433 m, 1164 w, 1090 m, 999 m, 819 
m, 747 s, 700 vs, 551 s, 513 vs. FAB+-MS: m/z 846 [M]+, 812 [M – Cl]+. Anal. Calc. 
(Found) for C41H49ClFeP2Ru.(CH3CH2)2O: C, 62.1 (62.2); H, 6.8 (6.8) 
 
Epimerization kinetics 
1a (2.4 mg, 3.3 mmol (A); 3.6 mg, 5 mmol (B); 5.4 mg, 7.5 mmol (C)) and (R)-
(S)-Josiphos (3.0 mg, 5.0 mmol) were added into three different NMR tubes in three 
different ratios, i.e. 1:1.5, 1:1 and 1.5:1. 0.5 mL of d8-toluene was added into each NMR 
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tubes. The initial 1H and 31P NMR spectrum of each reaction mixture was measured, and 
then at intervals during the reaction at 100 ˚C. The concentration of each component in 
the reaction mixtures was obtained from the integration of the Cp protons of the Josiphos, 
which resonate at δ 3.71 in R-6 and δ 3.89 in S-6, using residual solvent in d8-toluene as 
internal standard, i.e. 0.1% in 99.9% d-toluene. The data treatment is described in 
Appendix.  
 
2.3.2. Reactions of 3 with N-containing ligands 
2.3.2.1. Reaction of 3 with CH3CN 
NaPF6 (16 mg, 0.09 mmol) was added into a red suspension of 3 (50 mg, 0.06 
mmol) in CH3CN (10 mL) and the mixture was refluxed. The colour of the suspension 
changed slowly from red to yellow in 4 h. The suspension was filtered and the filtrate 
was evacuated to dryness. The residue was redissolved in THF (ca. 4 mL) and hexane (ca. 
2 mL) was added. Yellow crystals of [(Ind)Ru(dppf)(CH3CN)]PF6 [7]PF6 (55 mg, 93 % 
yield) were obtained after 1 day at -30 °C. X-ray diffraction-quality crystals were 
obtained from an acetone solution layering with hexane after 2 days at -30 °C. 
Data for [7]PF6. 1H NMR (CDCl3): δ 2.15 (s, 3H, CH3CN), 4.22, 4.33 and 4.35 (each s, 
2H, C5H4), 4.44 (br. s, 3H, C5H4 and H1), 4.60 (d, 3JHH = 2.5 Hz, 2H, H2,3), 6.63 – 6.66 
and 7.18 – 7.21 (each 4-line m, 2H, H4-7), 6.82 – 6.88, 7.28 – 7.33, 7.40 – 7.52 (m, 20H, 
Ph of dppf). 31P{1H} NMR (CDCl3): δ 50.7 (s, dppf), -144.1 (septet, PF6). IR (ν cm-1, 
KBr): 3055 w, 2974 w, 2057 w, 2276 w (CN), 1481 m, 1435 m, 1158 m, 1092 m, 840 vs 
(PF6), 749 s, 699 s, 557 s (PF6), 514 m. FAB+-MS: m/z 812 [M]+, 771 [M-CH3CN]+, 655 
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[M-CH3CN-C9H7]+. FAB--MS: m/z 145 [PF6]-. Anal. Calc. (Found) for 
C45H38NF6P3FeRu.½CH3CN : C, 56.5 (56.0); H, 4.0 (3.9); N, 2.2 (2.1).  
 
2.3.2.2. Reaction of 3 with NaN3 
NaN3 (20 mg, 0.3 mmol) was added into a red suspension of 3 (50 mg, 0.06 mmol) 
in EtOH (10 mL) and the mixture was refluxed for 4 h. The solvent was removed in 
vacuo and the red residue extracted using CH2Cl2 (2 x 4 mL). The extract was 
concentrated to ca. 3 mL and hexane (ca. 10 mL) was added. Red crystals of 
[(Ind)Ru(dppf)N3] 8 (43 mg, 85 % yield) were obtained after overnight at -30 °C. X-ray 
diffraction-quality crystals were obtained from a saturated solution in CH2Cl2 with 
hexane layering after 2 days at -30 ºC.  
Data for 8. 1H NMR (C6D6): δ 3.79, 4.05, 4.21 and 4.29 (each s, 2H, C5H4), 4.58 (s, 1H, 
H1), 4.79 (s, 2H, H2,3), 7.09 – 7.12, 7.14 – 7.23, 7.26 – 7.29, 7.39 – 7.44, 7.47 – 7.52 
(each m, total 24H, Ph and H4-7). 31P{1H} NMR (C6D6): δ 52.5 (s, dppf). IR (ν cm-1, KBr): 
3053 w, 2025 vs (N3), 1433 w, 1159 w, 1091 w, 1034 w, 745 m, 697 m, 513 m. FAB+-
MS: m/z 785 [M – N2]+, 771 [M – N3]+, 670 [M – Ind – N2]+, 655 [M – Ind – N3]+. Anal. 
Calc. (Found) for C43H35FeN3P2Ru: C, 63.6 (63.5); H, 4.3 (4.8); N, 5.2 (5.2). 
 
Cycloaddition reaction of 8 with MeO2CC≡CCO2Me 
Dimethyl acetylenedicarboxylate, MeO2CC≡CCO2Me (38 µL, 0.31 mmol) was 
added into a red solution of 8 (50 mg, 0.06 mmol) in CH2Cl2 (10 mL) and the reaction 
mixture was stirred at RT for 24 h. The colour of the solution slowly changed from red to 
orange-red. The solution was concentrated to ca. 2 mL and hexane (8 mL) added. Yellow 
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crystals [(Ind)Ru(dppf)(N3C2(CO2Me)2)] 9 (33 mg, 55 % yield) were obtained after 18 h 
at -10 °C. X-ray diffraction-quality crystals were obtained from a saturated solution in 
CH2Cl2 with ether layering after 1 week at 4 °C. 
Data for 9. 1H NMR (C6D6): δ 3.52 (s, 6H, Me), 3.76, 4.10, 4.31 and 4.34 (each s, 2H, 
C5H4), 4.78 (s, 1H, H1), 5.35 (s, 2H, H2,3), 6.86 – 6.90 (m, 2H, Ind), 6.96 – 6.97, 7.16 – 
7.43, 7.72 – 7.78 (each m, total 22H, H4-7 and Ph). 31P{1H} NMR (C6D6): δ 56.8 (s, dppf). 
IR (ν cm-1, KBr): 3057 w, 2945 w, 1736 vs (C=O), 1434 m (N=N), 1292 m (C-O), 1165 
m, 1087 s, 772 m, 697 m, 508 m. FAB+-MS: m/z 955 [M]+, 771 [M – N3C2(CO2Me)2]+. 
Anal. Calc. (Found) for C49H41FeN3O4P2Ru: C, 61.6 (61.7); H, 4.3 (3.8); N, 4.4 (4.4). 
 
2.3.3. Reactions of 3 with thiolates and solvent dependence 
2.3.3.1. Reactions of 3 with NaSR (R = Me, Et, Ph) 
NaSR (0.25 mmol: R = Me, 17mg; R = Et (freshly prepared in situ from EtSH (19 
μL) and NaOMe obtained from 6 mg Na in 2 mL MeOH); R = Ph, 33 mg) was added into 
a red suspension of 3 (50 mg,  0.062 mmol) in MeOH (5 mL) and the mixture was stirred, 
whereupon the colour of the suspension changed immediately to green. After stirring at 
RT for 18 h, the solvent was removed under vacuo and the residue was extracted using 
toluene (2 x 5 mL). The extract was concentrated to ca. 2 mL and then loaded onto a 
silica gel column (2 x 5 cm) prepared in n-hexane. Elution gave two fractions: (i) a 
yellow eluate in toluene (ca. 8 mL), which yielded [(Ind)Ru(dppf)H] 13. (R = Me, 9 mg, 
19 % yield; R = Et, 8 mg, 16 % yield) (ii) a green eluate in toluene:THF (20:1, ca. 10 
mL), which yielded  [(Ind)Ru(dppf)(SR)]. (10: R = Me, 40 mg, 79 % yield; 11: R = Et, 
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33.5 mg, 65 % yield; 12: R = Ph, 52 mg, 96 % yield). (iii) a orange-red eluate in THF (3 
mL), which recovered 3 in trace amounts. 
Compound 10 was also formed from the reaction of [7]PF6 with NaSMe as 
follows: NaSMe (2 mg, 0.029 mmol) was added into a yellow solution of [7]PF6 (5 mg, 
0.005 mmol) in THF (2 mL) and the mixture was stirred at RT. The colour of the mixture 
slowly changed from yellow to green in 4 h. The 1H and 31P NMR spectra of an aliquot of 
the product mixture showed the sole presence of 10. 
Data for 10. 1H NMR (C6D6): δ 1.96 (s, 3H, SMe), 3.36, 3.89, 3.92 and 4.06 (each s, 2H, 
C5H4), 5.29 (s, 1H, H1), 5.60 (s, 2H, H2,3), 7.04 – 7.58 (m, 24H, H4-7 and Ph). 31P{1H} 
NMR (C6D6):  δ 56.0 (s, dppf). IR (ν cm-1, KBr): 3050 m, 2900 w, 1479 m, 1433 m, 1320 
m, 1158 m, 1088 m, 1031 m, 817 m, 741 s, 697 vs, 549 m, 508 s, 475 m. FAB+-MS: m/z 
818 [M]+, 771 [M-SMe]+, 655 [M-SMe-Ind]+. Anal. Calc. (Found) for C44H38P2SFeRu: C, 
64.6 (64.7); H, 4.7 (4.8); S, 3.9 (3.9).  
Data for 11. 1H NMR (C6D6): δ 1.62 (t, 3JHH = 7.4 Hz, 3H, SCH2CH3), 2.16 (q, 3JHH = 
7.4 Hz, 2H, SCH2CH3), 3.63, 3.89, 3.94 and 4.06 (each s, 2H, C5H4), 5.27 (s, 1H, H1), 
5.70 (s, 2H, H2,3), 7.04 – 7.57 (m, 24H, H4-7 and Ph). 31P{1H} NMR (C6D6): δ 56.1 (s, 
dppf). IR (ν cm-1, KBr): 3051 m, 2951 w, 2910 w, 2849 w, 1479 w, 1432 m, 1321 w, 
1157 m, 1088 m, 1030 m, 809 w, 742 s, 697 vs, 549 w, 508 s, 476 m. FAB+-MS: m/z 832 
[M]+, 771 [M-SEt]+, 655 [M-SEt-Ind]+. Anal. Calc. (Found) for C45H40P2SFeRu: C, 65.0 
(65.6); H, 4.9 (5.1); S, 3.9 (3.4).  
Data for 12. 1H NMR (C6D6): δ 3.62, 3.79, 3.88 and 4.06 (each s, 2H, C5H4), 5.25 (s, 1H, 
H1), 5.64 (s, 2H, H2,3), 6.38 – 6.40, 6.94 – 6.97 (each 4-line m, 2H, H4-7), 7.04 – 7.58 (m, 
20H, Ph). 31P{1H} NMR (C6D6): δ 54.9 (s, dppf). IR (ν cm-1, KBr): 3046 w, 1573 w, 
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1475 w, 1431 m, 1320 w, 1156 m, 1087 m, 1029 m, 811 w, 742 s, 694 vs, 509 s. FAB+-
MS: m/z 880 [M]+, 771 [M-SPh]+, 655 [M-SPh-Ind]+. Anal. Calc. for C49H40P2SFeRu: C, 
66.9 (67.3); H, 4.6 (4.8); S, 3.6 (4.1).  
 
2.3.3.2. Small-scale reactions of 1 with NaSMe in MeOH and THF – effect of 
solvent   
NaSMe (2 mg, 0.029 mmol) was added into a red solution or suspension of 1 (5 
mg, 0.006 mmol) in the selected solvent (1 mL), and the mixture was refluxed. After the 
reaction, the product mixture was evacuated to dryness and the respective residues 
extracted with toluene, for examination by 1H and 31P NMR spectroscopy. 
(i) In MeOH: A reflux for 1 h produced a suspension of dark green solids in a faint 
yellow supernatant. The spectra indicated the product was a mixture of 
[(Ind)Ru(PPh3)2(SMe)] 10a and the hydride species, [(Ind)Ru(PPh3)2H]  (1H NMR 
(C6D6): δ -15.39 (t, 2JHP = 33.8 Hz), cf. lit. values in CDCl3: δ -15.40 (t, 2JHP = 31.6 Hz)29) 
in the ratio of  (1:1). 
(ii) In THF: The solution changed slowly to dark green during reflux (2 h). The spectra 
indicated that [(Ind)Ru(PPh3)2(SMe)] 10a was the sole product. 
Data for 10a: 1H NMR (C6D6): δ 2.23 (s, 3H, SMe), 4.30 (s, 2H, H2,3), 5.22 (s, 1H, H1), 
6.88 – 7.47 (m, 34H, H4-7 and Ph). 31P{1H} NMR (C6D6): δ 50.2 (s, PPh3)  
 
2.3.3.3. Reaction of 3 with NaOMe (in THF-MeOH) 
To a suspension of dry NaOMe (freshly prepared from Na (6 mg, 0.26 mmol) in 
MeOH (4 mL)) in THF (5 mL) was added 3 (10 mg, 0.012 mmol) as a red solid, and the 
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slurry stirred at RT. The 1H and 31P NMR spectra in C6D6 of aliquots of the reaction 
mixture at 2 h, and after reflux for an additional 4 h, revealed that the reaction did not 
proceed. MeOH (1 mL) was then added into the mixture and stirring continued at RT. A 
slow colour change from orange-red to yellow occurred within 1 h. The 1H and 31P NMR 
spectra of an aliquot in C6D6 showed the formation of 13 as the sole product. 
Data for 13. 1H NMR (C6D6): δ -15.4 (t, 2JHP = 33 Hz, 1H), 3.77 (s, 4H, C5H4), 4.13 and 
4.34 (each s, 2H, C5H4), 4.27 (d, 3JHH = 2.5 Hz, 2H, H2,3), 5.75 (s, 1H, H1), 6.28 – 6.31, 
6.80 – 6.83 (each 4-line m, 2H, H4-7), 7.12 – 7.19, 7.28 – 7.33 and 8.03 – 8.08 (each m, 
total 20H, Ph). 31P{1H} NMR (C6D6): δ 62.9 (s, dppf). ESI+-MS: m/z 772 [M + H]+. Anal. 
Calc. (Found) for C43H36P2FeRu: C, 66.9 (66.9); H, 4.7 (4.5).  
 
2.3.3.4. Reaction of 3 with HS(CH2)2PPh2 
HS(CH2)2PPh2 (54 μL, 0.25 mmol) was added into excess NaH in THF (5 mL) 
and the suspension was stirred at RT overnight. The suspension was filtered through 
celite into a red suspension of 3 (50 mg, 0.06 mmol) in MeOH (10 mL). The reaction 
mixture was stirred at RT for 18 h. A slow colour change from red suspension to dark 
green solution was observed. The solvent was removed under vacuo, and the residue 
extracted with toluene (2 x 5 mL). The toluene extract was concentrated to ca. 1 mL and 
loaded onto a silica gel column (2 x 10 cm) prepared in n-hexane. Elution gave three 
fractions: (i) a yellow eluate in toluene (ca. 4 mL), which gave 13 (7 mg, 15 % yield); (ii) 
a dark green eluate in toluene: ether (1:1, ca. 10 mL), which yielded [(Ind)Ru(dppf)(κ1S-
S(CH2)2PPh2)] 14 (34 mg, 54 % yield). 
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Data for 14. 1H NMR (C6D6): 2.31 – 2.39 and 2.75 – 2.80 (each m, 2H, CH2), 3.64, 3.88, 
3.92 and 4.06 (each s, 2H, Cp of dppf), 5.18 (s, 1H, H1), 5.67 (s, 2H, H2,3), 7.03 – 7.05 (m, 
12H, H4-7 and Ph), 7.42 (br. s, 10H, Ph), 7.56 – 7.61 (m, 12H, Ph).  31P{1H} NMR (C6D6): 
δ -14.8 (s, S(CH2)2PPh2), 56.1 (s, dppf). IR (ν cm-1, KBr): 3051 m, 2923 w, 1479 m, 1433 
s, 1321 w, 1157 w, 1089 m, 1032 m, 809 w, 742 s, 697 vs, 633 w, 549 w, 509 s. FAB+-
MS: m/z 1016 [M]+, 771 [M – S(CH2)2PPh2]+. Anal. Calc. (Found) for C57H49FeP3RuS: C, 
67.4 (67.7); H, 4.9 (5.0); S, 3.2 (3.2). 
 
2.3.3.5. Reaction of 1 with HS(CH2)2PPh2 
HS(CH2)2PPh2 (28 μL, 0.13 mmol) or NaS(CH2)2PPh2 (generated from 
HS(CH2)2PPh2 (28 μL, 0.13 mmol) in excess NaH in THF (5 mL)) was added into a red 
suspension of 1 (25 mg, 0.03 mmol) in MeOH (5 mL). The reaction mixture was stirred 
at RT for 18 h. The colour of the suspension changed slowly from red to yellow. The 
reaction mixture was evacuated to dryness and the residue extracted using toluene (2 x 4 
mL). The toluene extract was concentrated to ca. 3 mL and hexane (ca. 3 mL) was added. 
Yellow microcrystals of [Ru(κ2S,P-S(CH2)2PPh2)2(κ2S,P-HS(CH2)2PPh2)] 15 (23 mg, 85 
% yield) were obtained after a day at -30 °C. 
Data for 15. 1H NMR (C6D6): δ 1.52 – 1.72, 1.19 – 2.11, 2.23 – 2.34 and 2.95 – 3.06 
(each br. m, 2H, CH2), 2.43 – 2.69 (br. m, 4H, CH2), 6.69 – 6.78, 6.83 – 7.14, 7.31 – 7.36, 
7.48 – 7.53, 7.67 – 7.91 and 8.24 – 8.26 (each m, total 30H, Ph). 31P{1H} NMR (C6D6): δ 
54.0 (s, S(CH2)2PPh2). IR (ν cm-1, KBr): 3049 m, 2902 m, 2837 w, 2669 w (SH), 1482 m, 
1433 s, 1309 w, 1238 w, 1092 m, 825 m, 743 m, 697 vs, 520 s. FAB+-MS: m/z 838 [M]+, 
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592 [M – HS(CH2)2PPh2]+. Anal. Calc. (Found) for C42H43P3RuS3: C, 60.2 (60.4); H, 5.2 
(5.3); S, 11.5 (11.5).  
 
2.3.4. Reactions of 3 with heterocyclic thiols 
2.3.4.1. With 2-mercaptopyrimidine (HSPym) 
HSPym (8 mg, 0.07 mmol) was added into a stirred red suspension of 3 (50 mg, 
0.062 mmol) in MeOH (10 mL). The red suspension slowly turned brownish red as the 
reaction proceeded. After stirring at RT for 18 h, the resulting brownish red suspension 
was evacuated to dryness and the residue was extracted using toluene: THF (4:1, 2 x 5 
mL). The extract was concentrated to ca. 2 mL and then loaded onto a silica gel column 
(2 x 8 cm) prepared in n-hexane. Elution gave two fractions: (i) a orange-red eluate in 
toluene:ether (4:1, ca. 10 mL), which recovered 3 (18 mg, 36 % recovery) (ii) a yellow 
eluate in THF (ca. 20 mL), which upon recrystallization in THF: Hexane (1:1) gave 
yellow solids of  [Ru(SPym)2(dppf)] 16 (20 mg, 37 % yield). 
Data for 16. 1H NMR (C6D6): δ 3.92 – 3.94 (m, 4H, C5H4), 4.60, 4.86 (each s, 2H, C5H4), 
5.41 (t, 3JHH = 4.95 Hz, 2H, SPym), 6.91 – 6.92, 7.00 – 7.03, 7.11 – 7.30, 7.61 – 7.63 and 
7.74 – 7.79 (each m, 24H, Ph and SPym). 31P{1H} NMR (C6D6): δ 51.8 (s, dppf). IR (ν 
cm-1, KBr): 3049 w, 2924 w, 1652 w, 1558 m (C-C), 1430 w (C-C), 1372 s (C-N), 1248 
w, 1162 w (C-S), 1089 w, 700 m, 520 w. FAB+-MS: m/z 878 [M + H]+, 767 [M – SPym]+. 
Anal. Calc. (Found) for C42H34N4P2S2FeRu: C, 57.5 (57.8); H, 3.9 (3.7); N, 6.4 (6.3); S, 
7.3 (7.3).  
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2.3.4.2. With 2-mercaptobenzothiazole (HSbztz) 
HSbztz (16 mg, 0.096 mmol) was added into a stirred red suspension of 3 (50 mg, 
0.062 mmol) in MeOH (10 mL). The red suspension slowly became homogeneous as the 
reaction proceeded. After stirring at RT for 18 h, the resultant red solution was evacuated 
to dryness and the residue was extracted using toluene (2 x 5 mL). The extract was 
concentrated to ca. 2 mL and then loaded onto a silica gel column (2 x 5 cm) prepared in 
n-hexane. Elution gave two fractions: (i) a orange-red eluate in toluene:THF (2:1, ca. 8 
mL), which recovered 3 (6 mg, 12 % recovery) (ii) a red eluate in THF:MeOH (4:1, ca. 
20 mL), which upon recrystallization in THF: hexane (1:1) gave red star-shaped crystals 
of [(Ind)Ru(dppf)(Sbztz)] 17 (35 mg, 60 % yield). X-ray diffraction quality crystals were 
obtained from a saturated solution in THF, layering with hexane after 2 days at -30 °C. 
Data for 17. 1H NMR (C6D6): δ 3.62, 3.86, 4.08 and 4.93 (each s, 2H, C5H4), 5.19 (s, 1H, 
H1), 5.37 (s, 2H, H2,3), 6.85, 6.94 – 7.02, 7.39 – 7.44 and 7.55 – 7.57 (each m, 28H, H4-7,  
Ph and Sbztz). 31P{1H} NMR (C6D6): δ 54.6 (s, dppf). IR (ν cm-1, KBr): 3054 w, 1651 m, 
1541 m, 1411 s, 1158 w, 1089 m, 1034 m, 961 m, 744 m, 697 s, 510 s, 477 m. FAB+-MS: 
m/z 937 [M]+, 822 [M – Ind]+, 771 [M – Sbztz]+, 655 [M – Ind – Sbztz]+. Anal. Calc. 
(Found) for C50H39FeNP2S2Ru: C, 64.1 (64.4); H, 4.2 (4.1); N, 1.5 (1.3); S, 6.9 (6.6).  
 
2.3.4.3. With 2-mercapto-5-methyl-1,3,4-thiadiazole (HSmtdz) 
HSmtdz (10 mg, 0.096 mmol) was added into a stirred red suspension of 3 (50 mg, 
0.062 mmol) in MeOH (10 mL). The red suspension slowly became homogeneous as the 
reaction proceeded. After stirring at RT for 18 h, solvent of the red solution was removed 
under vacuo and the residue was extracted using toluene (2 x 5 mL). The extract was 
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concentrated to ca. 2 mL and then loaded onto a silica gel column (2 x 5 cm) prepared in 
n-hexane. Elution gave four fractions: (i) A yellow eluate in toluene:ether (10:1, ca. 2 
mL), which gave free mtdztH (2 mg) (ii) A red eluate in toluene:ether (4:1, ca. 3 mL), 
which recovered 3 (2 mg, 4 % recovery). (iii) A red eluate in THF (ca. 8 mL), which gave 
[(Ind)Ru(dppf)(mtdztH)] [18]Cl as red solids (39 mg, 67 % yield).  
Data for [18]Cl. 1H NMR (C6D6): δ 2.27 (s, 3H, Me), 3.63, 3.85, 4.08 and 4.73 (each s, 
2H, C5H4), 5.12 (s, 1H, H1), 5.34 (s, 2H, H2,3), 6.97 – 7.06, 7.10 – 7.25, 7.42 – 7.45, 7.53 
– 7.69 and 7.70 – 7.72 (each m, 24H, H4-7 and Ph). 31P{1H} NMR (C6D6): δ 54.7 (s, dppf). 
IR (ν cm-1, KBr): 3427 w (NH), 3052 w, 2971 w, 2856 w, 1479 w, 1433 m, 1338 m, 1155 
w, 1087 m, 1029 m, 821 m, 746 s, 698 s, 511 s. FAB+-MS: m/z 902 [M]+, 787 [M - Ind]+, 
771 [M – mtdztH]+. Anal. Calc. (Found) for C46H39ClFeN2P2RuS2: C, 58.9 (58.4); H, 4.2 
(4.7), N, 3.0 (3.0); S, 6.9 (6.4). 
 
2.3.5. Reactions of [7]PF6 with heterocyclic thiols 
2.3.5.1.With HSPym 
HSPym (5 mg, 0.04 mmol) was added into a yellow solution of [7]PF6 (28 mg, 
0.03 mmol) in THF (8 mL). A slow colour change from yellow to orange and finally to 
deep red was observed. After stirring at RT for 4 h, the solution was concentrated (ca. 1 
mL) and ether (ca. 4 mL) was added. Red crystalline solids [(Ind)Ru(dppf)(pymtH)]PF6 
[19]PF6 (15 mg, 50 % yield)were obtained after 1 day at -30 °C. The mother liquor was 
concentrated to ca. 2 mL, followed by addition of ether (ca. 4 mL) to give 2nd crop of 
[19]PF6 (3 mg, 10 % yield) after 1 day at -30 °C. 
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Data for [19]PF6. 1H NMR (C4D8O): δ 2.53 (br., NH), 4.08, 4.22, 4.32 and 4.60 (each s, 
2H, C5H4), 4.86 (s, 2H, H2,3), 5.34 (s, 1H, H1), 6.91 – 6.97, 7.06 – 7.11, 7.18 – 7.26, 7.52 
– 7.59, 8.31 – 8.37 (each m, 24H, H4-7 and Ph). 31P{1H} NMR (C4D8O): δ 54.1 (s, dppf), -
143.5 (septet, PF6). IR (ν cm-1, KBr): 3278 w (NH), 3055 w, 1559 m (C-C), 1432 w (C-
C), 1374 m, (C-N), 1164 m (C-S), 1090 m, 1035 m, 844 vs (PF6), 698 m, 553 m (PF6), 
518 m. ESI+-MS: m/z 883 [M]+, 769 [M - Ind]+. ESI--MS: m/z 145 [PF6]-. Anal. Calc. 
(Found) for C47H39F6N2P3SFeRu: C, 54.9 (54.5); H, 3.8 (3.5); N, 2.7 (2.7); S, 3.1 (2.9). 
 
2.3.5.2. With HSbztz 
HSbztz (7 mg, 0.04 mmol) was added into a yellow solution of [7]PF6 (26 mg, 
0.03 mmol) in THF (8 mL). An immediate colour change from yellow to reddish orange 
was observed, followed by the precipitation of red crystalline solids upon further stirring. 
After stirring at RT for 4 h, the red crystalline solids was filtered to give 
[(Ind)Ru(dppf)(bztztH)]PF6 [20]PF6 (22 mg, 75 % yield).  
Data for [20]PF6. 1H NMR ((CD3)2CO): δ 4.22, 4.32, 4.40 and 4.56 (each s, 2H, C5H4), 
4.78 (s, 2H, H2,3), 5.65 (s, 1H, H1), 7.96 – 7.02 (m, 4H, Ph and NH), 7.11 – 7.16, 7.24 – 
7.27, 7.49 – 7.54, 7.59 – 7.68 and 7.79 – 7.82 (each m, 21H, Ph), 7.29 – 7.32 and 7.38 – 
7.42 (each m, 4H, H4-7). 31P{1H} NMR ((CD3)2CO): δ 53.9 (s, dppf), -142.7 (septet, PF6). 
R (ν cm-1, KBr,): 3309 w (NH), 3058 w, 2922 w, 1432 m, 1326 w, 1260 w, 1158 w, 1087 
m, 1038 m, 842 vs (PF6), 745 m, 698 m, 556 m (PF6), 509 m. FAB+-MS: m/z 938 
[M+H]+, 822 [M – Ind]+, 771 [M – Sbztz]+. FAB--MS: m/z 145 [PF6]-. Anal. Calc. (Found) 
for C50H40F6NP3S2FeRu: C, 55.5 (55.2); H, 3.7 (3.5); N, 1.3 (1.3); S, 5.9 (5.8). 
 
Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 138
2.3.5.3. With HSmtdz 
HSmtdz (8.5 mg, 0.06 mmol) was added into a yellow solution of [7]PF6 (50 mg, 
0.05 mmol) in THF (10 mL) and the solution was stirred. The yellow solution slowly 
turned reddish-orange accompanied by precipitation of red crystalline solids. After 
stirring at RT for 4 h, the red crystalline solids [(Ind)Ru(dppf)(mtdztH)]PF6 [18]PF6 was 
filtered and washed with THF (2 x 0.5 mL) and dried under vacuo (35 mg, 64 % yield). 
The filtrate was concentrated to ca. 1 mL and hexane (ca. 1 mL) was added, giving a 
second crop of [18]PF6 (10 mg, 18 % yield).   
Data for [18]PF6. 1H NMR ((CD3)2CO): δ 2.60 (s, 3H, Me), 4.22, 4.31, 4.36 and 4.40 
(each s, 2H, C5H4), 4.73 (s, 2H, H2,3), 5.66 (s, 1H, H1), 6.97 – 7.03, 7.23 – 7.28, 7.34 – 
7.42 and 7.60 – 7.68 (each m, 24H, H4-7 and Ph). 31P{1H} NMR ((CD3)2CO): δ 54.0 (s, 
dppf), -142.7 (septet, PF6). IR (ν cm-1, KBr): 3310 w (NH), 3059 w, 1434 w, 1159 w, 
1067 w, 842 vs (PF6), 748 m, 698 m, 556 m (PF6), 510 m. ESI+-MS: m/z 903 [M]+, 771 
[M – mtdztH]+. ESI--MS: m/z 145 [PF6]-. Anal. Calc. (Found) for C46H39F6N2-
P3S2FeRu.CH2Cl2: C, 49.8 (50.0); H, 3.7 (3.5); N, 2.5 (2.5); S, 5.7 (5.8). 
 
2.3.6. Reactions of 22 with heterocyclic thiols 
2.3.6.1. With 2,2-bis(dithio(benzothiazole)) (Sbztz)2 
Complex 22 (50 mg, 0.09 mmol) and 2,2-bisdithio(benzothiazole) (36 mg, 0.10 
mmol) were dissolved in THF (15 mL) and stirred for 2 h at ambient temperature, during 
which the colour of the solution changed from yellow-orange to bright orange red. The 
solvent was removed under vacuo. The residue was dissolved in toluene (ca. 8 mL) and 
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n-hexane (5 mL) was added. Orange-yellow solids of [(Ind)Ru(CO)2(Sbztz)] 23 were 
obtained after 4 h at -30 ºC (65 mg,  80 % yield).  
Data for 23. 1H NMR (C6D6): δ 4.71 (t, 1H, 3JHH = 2.9 Hz, H1), 4.90 (d, 2H, 3JHH = 2.9 
Hz, H2,3), 6.64-6.69 (4-line m, 2H, H4-7), 6.86-6.89 (4-line m, 2H, H4-7), 7.03-7.29 (m, 
total 3H, Sbztz), 7.78 (d,  1H, 3JHH = 7.8 Hz, Sbztz). 13C NMR (CD2Cl2): δ 73.8 (C1,3), 
92.8 (C2), 111.8 (C3a, 7a), 124.2, 129.6 (C4, 7 and C5, 6), 118.0, 120.1, 120.4, 122.8, 125.4, 
146.0 (Sbztz), 147.2 (NCS), 197.6 (CO). IR (THF, cm-1) νCO: 2045s, 1993s. ESI+-MS: 
439.8 [M]+. HR-ESI+ MS for C18H12O2NRuS2: m/z 439.9352 (Found), 439.9347 (calcd.) 
 
2.3.6.2. With N,N-dithiobisphthalimide (Sptlm)2 
A solution of 22 (20 mg, 0.037 mmol) and N,N-dithiobisphthalimide (Sptlm)2 (14 
mg, 0.039 mmol) in THF (8 mL) was stirred for 2 h at ambient temperature. An orange 
red solution was obtained at the end of the reaction. Solvent was removed under vacuo 
and attempts to re-dissolve the residue in THF afforded a red solution with unidentified 
pale yellow solids, which is insoluble in most organic solvents. The red solution was 
filtered though Celite and n-hexane was added for recrystallization. Re-crystallization 
afforded yellow solids, which remained as a mixture of (Sptlm)2 and the expected product 
[(Ind)Ru(CO)2(Sptlm))] 24. Further attempts to purify the mixture were unsuccessful. 
Data for 24. 1H NMR (C6D6): δ 5.12 (d, 2H, 3JHH = 2.8 Hz, H2,3), 5.30 (t, 1H, 3JHH = 2.8 
Hz, H1), 6.65-6.68, 6.82-6.85, 7.04-7.07 and 7.47-7.50 (4-line m each, 2H each, H4-7 and 
Sptlm). IR (THF, cm-1) νCO: 2040s, 1987s. FAB+-MS: 451.0 [M]+, 395.0 [M-2CO]+. HR 
FAB+-MS for C19H12O4NRuS: m/z 451.9527 (found), 451.9525 (calcd). 
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2.3.6.3. With dipyridyl disulfide (Spy)2 
A solution of 22 (3 mg, 0.01 mmol) and dipyridyl disulfide (Spy)2 (2.4 mg, 0.01 
mmol) in THF (4 mL) was irradiated using tungsten lamp (60 W) for 30 min, under a 
stream of flowing argon. The reaction was monitored using infra-red spectroscopy. The 
1H NMR spectrum of the crude product solution indicated a mixture of products, in 
which [Ru(CO)2(Spy)2] 25 is the major component, a previously reported complex.129 
Data of crude product mixture: 1H NMR (CDCl3): δ 6.75* (ddd, 1H), 6.86* (d, 1H), 7.38* 
(ddd, 1H), 8.13* (dd, 1H), 4.17 (d, 2H), 5.84 (d, 1H), 6.33 (d, 1H), 7.03 (t, 1H), 7.20-7.33 
(m), 7.61 (d, 1H). IR (THF, cm-1) νCO: 2044s*, 1981s*, 1956m; lit. value (CH2Cl2) 2046vs, 
1988s. 
 
2.3.6.4. With 6,6’-dithiodinicotinic acid (Sncta)2 
A solution of 22 (50 mg, 0.09 mmol) and 6,6’-dithiodinicotinic acid (Sncta)2 (72 
mg, 0.23 mmol) in THF (15 mL) was irradiated using tungsten lamp (60 W) for 40 min, 
under a stream of flowing argon. The resulting dark orange solution was filtered through 
Celite. Solvent was removed under vacuo. The residue was washed with n-hexane (3 x 5 
mL) and dissolved in diethyl ether (8 mL). Orange solid of [Ru(CO)2(SNC5H3COOH)2] 
26 (62 mg, 73 % yield) was obtained from recrystallization in diethyl ether/hexane 
solution.           
Data for 26. 1H NMR (CD3OD): δ 7.03 (m, 1H), 8.02 (m, 1H), 8.66 (s, 1H), 9.05 (s). 13C 
NMR (CD3OD): δ 122.6 (SCNC3H3CCOOH), 127.0, 139.0 and 148.5 
(SCNC3H3CCOOH), 167.0 (SCNC3H3CCOOH), 188.3 (SCNC3H3CCOOH), 197.7 (CO). 
                                                 
*  Identified to be data of complex 25. 
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IR (THF, cm-1). νCO: 2050s, 1989s. FAB+-MS: 464.9 [M]+. HR FAB+-MS for 
C14H8N2O6RuS2: m/z 465.8997 (found), 465.8862 (calcd). 
 
2.3.7. Reaction of 27 with HSbztz 
Et3N (0.026 mL, 0.19 mmol) was injected into a mixture of 27 (30 mg, 0.08 mmol) 
and HSbztz (27 mg, 0.16 mmol) in THF (15 mL). The orange solution slowly turned 
yellow in 2 h at RT. The solvent was removed under vacuo. The residue was washed with 
n-hexane (3 x 5 mL), followed by extraction with toluene (20 mL). The toluene extract 
was filtered through Celite. The filtrate was evacuated to dryness to give orange needle-
like crystals of [Ru(CO)2(Sbztz)2] 28 (25 mg, 85 % yield).  
Data for 28. 1H NMR (C6D6): δ 6.58 (t, 2H, 3JHH = 7.0 Hz, C7H4), 6.67 (d, 2H, 3JHH = 7.0 
Hz, C7H4), 6.86 (t, 2H, 3J = 8.3 Hz, C7H4), 8.10 (d, 2H, 3J = 8.3 Hz, C7H4). 13C NMR 
(C6D6): δ 117.5, 121.1, 123.7, 126.5, 131.1, 148.9 (S2NC7H4), 168.1 (NCS), 195.2 (CO). 
IR (THF, cm-1) νCO: 2056vs, 1993s. EI-MS: 489.7 [M] +, 461.9 [M-CO]+, 434.0 [M-
2CO]+.  
 
2.3.8. Reactions of 3 and 29 with dithiocarbamates 
2.3.8.1. Reactions of 3 with NaS2CNR2 (R = Me, Et, C5H10) 
Reactions were carried out at stoichiometries of 1:1 and 1:4 3 to NaDTC. A 
typical reaction for each stoichiometry is described for R = Et, as follows: 
Using Ru : DTC (1:1). NaS2CNEt2.3H2O (10 mg, 0.04 mmol) was added into a 
suspension of 3 (35 mg, 0.04 mmol) in MeOH (5 mL) and the mixture was stirred at RT 
for 18 h. The color of the suspension slowly changed from red to yellow. The suspension 
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was filtered and the residue was extracted using toluene (2 x 5 mL). The filtrate was 
examined by GC/MS, which showed indene. The extract was concentrated to ca. 2 mL 
and loaded onto a silica gel column (2 x 5 cm) prepared in n-hexane. Elution gave two 
fractions. (i) a yellow eluate in toluene (8 mL), which yielded 13 (13 mg, 39% yield). (R 
= Me, 11 mg, 32 % yield; R = C5H10, 8 mg, 25 % yield) (ii) a yellow eluate in 
toluene:THF (1:1, 10 mL), which yielded  [Ru(dppf)(S2CNEt2)2] 31 (25 mg, 60 % yield). 
(30: R = Me, 22 mg, 56 % yield; 32: R = C5H10, 25 mg, 58 % yield)  
 
Using Ru : DTC (1:4).  
(a) NaS2CNEt2.3H2O (40 mg, 0.16 mmol) was added into a suspension of 3 (35 mg, 0.04 
mmol) in MeOH (5 mL) and the mixture was stirred at RT for 18 h. The color of the 
suspension slowly changed from red to yellow. The solvent was removed in vacuo and 
the residue was extracted with toluene (2 x 5 mL). The extract was concentrated to ca. 2 
mL; addition of hexane (2 mL) at -30 °C for 1 day gave yellow crystals of 31 (37 mg, 90 
% yield). (30: R = Me, 36 mg, 92 % yield; 32: R = C5H10, 41 mg, 98 % yield) 
(b) NaS2CNEt2.3H2O (56 mg, 0.24 mmol) was added into a solution of 3 (50 mg, 0.06 
mmol) in CH2Cl2 (10 mL) and the mixture was refluxed for 4 h. The solution was 
evacuated to dryness and the residue extracted with ether (2 x 3 ml). The extract was 
concentrated to ca. 3 mL and kept at -30°C for 2 days giving yellow microcrystals of 31 
(16 mg, 28 % yield). Addition of hexane (ca. 0.5 ml) to the mother liquor led to the 
isolation of red microcrystals of [(Ind)Ru(η1-dppf)(η2-S2CNEt2)] 31a (20 mg, 36 % yield) 
after another 2 days at -30 °C. 
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Data for 30. 1H NMR (C6D6): δ 2.41 and 2.43 (each s, 3H, S2CN(CH3)2), 3.94, 4.04, 4.62 
and 4.69 (each s, 2H, C5H4), 7.03 – 7.11, 7.21 – 7.25, 7.95 and 8.20 – 8.25 (m, 20H, Ph). 
31P{1H} NMR (C6D6): δ 47.9 (s, dppf). IR (ν cm-1, KBr): 3053 w, 2922 w, 2855 w, 1509 
m (SC(S)), 1432 m, (SC(S)), 1386 s (SC(S)), 1262 m, (SC(S)), 1146 m, 1086 m, 1028 m, 
811 w, 746 w, 697 m, 548 w, 521 w. FAB+-MS: m/z 896 [M]+, 776 [M – S2CNMe2]+. 
Anal. Calc. (Found) for C40H40FeN2P2RuS4.¼C6H12 , C, 54.3 (54.1); H, 4.7 (5.1); N, 3.1 
(3.2); S, 14.0 (13.5). 
Data for 31a. 1H NMR (C6D6): δ 0.61 (t, 3JHH = 7.4 Hz, 6H, S2CN(CH2CH3)2), 2.81 and 
3.04 (each q, 3JHH = 7.4 Hz, 2H, S2CN(CH2CH3)2], 4.11 and 4.33 (each s, 2H, C5H4), 4.19 
(s, 4H, C5H4), 4.56 (t, 3JHH = 2.5 Hz, 1H, Ind), 4.89 (d, 3JHH = 2.5 Hz, 2H, Ind), 7.04 – 
7.16, 7.37 – 7.40, 7.42 – 7.48 and 7.75 – 7.81 (m, 24H, Ind and Ph of dppf). 31P{1H} 
NMR (C6D6): δ 57.3 and -17.7 (each s, dppf). IR (ν cm-1, KBr): 3050 w, 2972 w, 2929 w, 
1484 s (SC(S)), 1431 vs (SC(S)), 1380 w, 1324 w, 1270 m (SC(S)), 1215 w, 1159 m, 
1092 m, 1030 m, 830 w, 743 m, 696 vs, 543 m, 517 m. FAB+-MS: m/z 804 [M-Ind]+. 
Anal. Calc. (Found) for C48H45NP2S2FeRu: C, 62.7 (62.6); H, 4.9 (5.2); N, 1.5 (1.3); S, 
7.0 (6.9).  
Data for 32. 1H NMR (C6D6): δ 0.95 (br. s, 12H, S2CNC5H10), 3.02, 3.63 (each br. s, 4H, 
S2CNC5H10), 3.95, 4.05, 4.62 and 4.71 (each s, 2H, C5H4), 7.00 – 7.23, 7.69 – 7.72, 8.03 
– 8.05 and 8.19 – 8.24 (each m, total 20H, Ph). 31P{1H} NMR (C6D6): δ 47.6 (s, dppf). IR 
(ν cm-1, KBr): 3048 w, 2931 m, 2853 m, 1479 s (SC(S)), 1433 s (SC(S)), 1233 s (SC(S)), 
1129 m, 1086 m, 995 m, 885 w, 850 w, 811 w, 743 m, 695 s, 546 m, 518m. FAB+-MS: 
m/z 976 [M]+, 816 [M-S2CNC5H10]+. Anal. Calc. (Found) for C46H48N2P2S4FeRu: C, 56.6 
(56.5); H, 5.0 (5.0); N, 2.9 (2.7); S, 13.1 (12.9). 
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2.3.8.2. Reaction of 29 with NaS2CNEt2 
NaS2CNEt2.3H2O (14 mg, 0.06 mmol) was added into a solution of 29 (10 mg, 
0.02 mmol) in MeOH (5 mL) and the mixture was stirred for 4 h. The colour of the 
solution slowly changed from red to yellow. The solution was evacuated to dryness and 
the residue extracted with toluene (2 x 2 mL). The extract was concentrated to ca. 1 mL; 
addition of hexane (2 mL) at -30 °C for 1 day gave yellow crystals of 
[Ru(dppm)(S2CNEt2)2] 33 (10 mg, 81 % yield).  
Data for 33. 1H NMR (C6D6): δ 0.63 – 0.68 and 0.86 – 0.91 (each t-like m, 6H, CH3), 
2.85 – 3.02 (m, 2H, CH2CH3), 3.15 – 3.28 (m, 2H, CH2CH3), 3.43 – 3.62 (m, 4H, 
CH2CH3), 4.73 (t, 2JHP = 9.9 Hz, 2H, CH2 of dppm), 6.98 – 7.16 (m, 14H, Ph of dppm), 
7.54 – 7.58 (m, 3H, Ph of dppm), 7.93 – 7.95 (m, 3H, Ph of dppm). 31P{1H} NMR (C6D6): 
δ 3.7 (s, dppm). IR (ν cm-1, KBr): 3050 w, 2974 w, 2929 w, 2871 w, 1483 s (SC(S)), 
1426 s (SC(S)), 1303 w, 1268 s (SC(S)), 1214 m, 1142 m, 1091 m, 997 w, 911 w, 848 w, 
698 s, 535 m. FAB+-MS: m/z 782 [M]+, 634 [M-S2CNEt2]+. Anal. Calc. (Found) for 
C35H42N2P2S4Ru: C, 53.8 (53.8); H, 5.4 (5.5); N, 3.6 (3.7); S, 16.4 (16.2).  
 
2.3.9. Reactions of 3 and 29 with alkyl xanthates 
2.3.9.1.Reactions of 3 with KS2COR (R = Et, iPr) 
KS2COR (0.07 mmol: R = Et, 11.2 mg; R = iPr, 12 mg) was added into a solution 
of 3 (15 mg, 0.02 mmol) in CH2Cl2 (10 mL) and the mixture was refluxed. The reaction 
was not accompanied by any colour change; hence it was monitored by 1H and 31P NMR 
spectroscopy. After the reaction was complete (~ 4 h), the solution was evacuated to 
dryness. The solid residue was extracted with toluene (2 x 2 mL) and the concentrated 
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extract recrystallized in 1:2 THF/hexane at -30 °C.  Red microcrystals of 
[(Ind)Ru(dppf)(η1-S2COR)] (35: R = Et, 13 mg, 78 % yield; 36: R = iPr, 14 mg, 83 % 
yield) were obtained after one day.  
Data for 35. 1H NMR (C6D6): δ 1.06 (t, 3JHH = 7.4 Hz, 3H, S2COCH2CH3), 3.55, 3.81, 
3.98 and 4.34 (each s, 2H, C5H4), 4.41 (q, 3JHH = 7.4 Hz, 2H, S2COCH2CH3), 5.16 (s, 1H, 
H1), 5.43 (s, 2H, H2,3), 6.98 – 7.14, 7.26 – 7.30 and 7.43 – 7.48 (each m, total 24H, H4-7 
and Ph). 31P{1H} NMR (C6D6): δ 54.9 (s, dppf). IR (ν cm-1, KBr): 3050 w, 2978 w, 1478 
w, 1432 w, 1382 w, 1165 s (CO), 1105 s (CS), 1030 vs (CS), 858 w, 819 w, 792 w, 744 
m, 697 s, 631 w, 513 m. FAB+-MS: m/z 892 [M]+, 777 [M-Ind]+, 655 [M-Ind-S2COEt]+. 
Anal. Calc.(Found) for C46H40P2S2OFeRu: C, 62.0 (61.6); H, 4.5 (4.8); S, 7.2 (7.5).  
Data for 36. 1H NMR (C6D6): δ 1.25 (d, 3JHH = 5.76 Hz, 6H, S2COCH(CH3)2), 3.55, 3.84, 
3.98 and 4.46 (each s, 2H, C5H4), 5.17 (s, 1H, H1), 5.51 (s, 2H, H2,3), 5.67 (septet, 3JHH = 
6.6 Hz, 1H, S2COCH(CH3)2)  7.00 – 7.47 (m, 24H, H4-7 and Ph of dppf). 31P{1H} NMR 
(C6D6): δ 54.8 (s, dppf). IR (KBr, cm-1): 3047 w, 2963 w, 2923 w, 1940 w, 1478 w, 1433 
w, 1382 w, 1261 m (CO), 1187 w, 1089 s (SC(S)), 1015 s (SC(S)), 803 s, 743 m, 695 s, 
631 w, 507 m. FAB+-MS: m/z 906 [M]+, 791 [M-Ind]+, 771 [M-S2COiPr]+, 655 [M-Ind-
S2COiPr]+. Anal. Calc. (Found) for C47H42P2S2OFeRu: C, 62.3 (61.9); H, 4.7 (4.8); S, 7.0 
(6.6).  
 
2.3.9.2. Reaction of 29 with KS2COiPr 
KS2COiPr (23 mg, 0.13 mmol) was added into a solution of 29 (20 mg, 0.03 
mmol) in MeOH (5 mL) and the solution was stirred at RT for 18 h. The colour of the 
solution changed slowly from red to yellow. The yellow solution was evacuated to 
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dryness and the residue extracted with toluene (2 x 2 mL). Addition of hexane (ca. 4 mL) 
into the concentrated extract (ca. 2 mL) at -30 °C for 1 day gave [Ru(dppm)(S2COiPr)2] 
37 (27 mg, 93 %) as yellow microcystals. 
Data for 37. 1H NMR (C6D6): δ 0.87 – 0.89 and 0.95 – 0.97 (each d-like m, 6H, CH3), 
4.67 (t, 2JHP = 9.9 Hz, 2H, CH2 of dppm), 5.34 (septet, 3JHH = 6.6 Hz, 2H, CH(CH3)2), 
6.95 – 7.02 (m, 7H, Ph of dppm), 7.08 – 7.16 (m, 5H, Ph of dppm), 7.38 – 7.45 (m, 4H, 
Ph), 7.81 – 7.89 (m, 4H, Ph). 31P{1H} NMR (C6D6): δ 4.1 (s, dppm). IR (ν cm-1, KBr): 
3049 w, 2976 w, 2930 w, 1481 w, 1432 m, 1371 w, 1231 vs (CO), 1093 vs (SC(S)), 1033 
s (SC(S)), 905 m, 723 s, 696 s, 538 m, 509 s. FAB+-MS: m/z 756 [M]+. Anal. Calc. 
(Found) for C33H36O2P2S4Ru: C, 52.4 (52.4); H, 4.8 (4.8); S, 17.0 (17.0).  
 
2.3.10. Reactions of 3 and 29 with dithiophosphinates 
2.3.10.1. Reactions of 3 with NaS2PR2 (R = Et, Ph) 
NaS2PR2 (0.04 mmol: R = Et, 7mg; R = Ph, 11mg) was added into a suspension 
of 3 (10 mg, 0.01 mmol) in MeOH (5 mL) and the mixture was stirred at RT for 18 h. 
The solution was evacuated to dryness and extracted with toluene (2 x 3 mL). The extract 
was concentrated to ca. 2 mL, loaded on a silica gel column (1.5 cm x 2.0 cm) and eluted 
with 2:1 hexane:diethyl ether (3 - 5 mL) to give [(Ind)Ru(dppf)(η1-S2PR2)] (38: R = Et, 8 
mg, 70 % yield; 39: R = Ph, 9 mg, 72 % yield). 
Data for 38. 1H NMR (C6D6): δ 1.18 – 1.30 (m, 6H, S2P(CH2CH3)2), 1.90 – 2.12 (m, 4H, 
S2P(CH2CH3)2), 3.70, 3.81, 4.20 and 5.15 (each s, 2H, C5H4), 4.84 (s, 1H, H1), 5.70 (s, 
2H, H2,3), 6.90 – 6.93 and 7.58 – 7.61 (each 4-line m, 3JHH = 3.3 Hz, 2H, H4-7), 7.11 – 
7.68 (m, 20H, Ph). 31P{1H} NMR (C6D6): δ 54.8 (d, 3JPP = 15.8 Hz, dppf), 87.5 (t, 3JPP = 
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15.8 Hz, S2PEt2). IR (ν cm-1, KBr): 3054 w, 2966 w, 2924 w, 2868 w, 1479 w, 1433 m, 
1325 w, 1157 w, 1090 m, 1030 m, 821 m, 746 s (PS), 695 (PS), 594 w (PS), 632 m, 511 s. 
FAB+-MS: m/z 924 [M]+, 809 [M-Ind]+, 771 [M-S2PEt2]+, 655 [M-Ind-S2PEt2]+. Anal. 
Calc. (Found) for C47H45P3S2FeRu: C, 61.1 (61.4); H, 4.9 (4.7). 
Data for 39. 1H NMR (C6D6): δ 3.60, 3.79, 4.05 and 5.20 (each s, 2H, C5H4), 5.10 (s, 1H, 
H1), 5.34 (s, 2H, H2,3), 6.61 – 6.64 and 7.35 – 7.39 (each 4-line m, 2H, H4-7), 7.05 – 7.19, 
7.26 – 7.33 and 7.45 – 7.51 (each m, total 26H, Ph), 8.43 – 8.50 (4-line m, 4H, Ph). 
31P{1H} NMR (C6D6): δ 53.1 (d, 3JPP = 15.2 Hz, dppf), 71.1 (t, 3JPP = 15.8 Hz, S2PPh2). 
IR (ν cm-1, KBr): 3052 w, 2922 w, 2854 w, 1650 w, 1477 w, 1433 m, 1158 w, 1089 m, 
1033 w, 821 w, 745 m (PS), 698 s (PS), 649 m (PS), 512 m. FAB+-MS: m/z 1020 [M]+, 
905 [M- Ind]+, 771 [M-S2PPh2]+, 655 [M- Ind -S2PPh2]+. Anal. Calc. (Found) for 
C55H45P3S2FeRu: C, 64.8 (64.8); H, 4.5 (4.4); S, 6.3 (5.8).  
 
2.3.10.2. Reactions of 29 with NaS2PR2 (R = Et, Ph) 
NaS2PR2 (0.31 mmol: R = Et, 55 mg; R = Ph, 85 mg) was added into a suspension 
of 29 (50 mg, 0.08 mmol) and the mixture was stirred at RT for 18 h. The solution was 
evacuated to dryness and extracted with toluene (2 x 3 mL). The extract was concentrated 
to ca. 2 mL, loaded on a silica gel column (1.5 cm x 2.0 cm). Elution gave three fractions: 
(i) a yellow eluate in ether: hexane (1:2, 3 - 5 mL), which yielded [Ru(dppm)(S2PR2)2]. 
(41: R = Et, 3 mg, 5 % yield; 43: R = Ph, 3 mg, 4 % yield) (ii) a red eluate in ether: 
hexane (2:1, 4 – 8 mL), which yielded  [(Ind)Ru(dppm)(η1-S2PR2)]. (40: R = Et, 16 mg, 
56 % yield; 42: R = Ph, 33 mg, 50 % yield) (iii) a orange-yellow eluate in THF (3 mL), 
which gave 29 in trace amounts. 
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Data for 40. 1H NMR (C6D6): δ 1.07 and 1.11 (each t, 3JHH = 7.4 Hz, 3H, S2P(CH2CH3)2), 
1.46 – 1.57 (m, 4H, S2P(CH2CH3)2), 4.04 – 4.16 and 4.43 – 4.54 (each m, 1H, 
CH2(PPh2)2), 5.15 (t, 3JHH = 2.5 Hz, 1H, H1), 6.12 (d, 3JHH = 2.5 Hz, 2H, H2,3), 6.89 – 7.12, 
7.23 – 7.29, 7.37 – 7.43 and 7.78 – 7.81 (each m, 24H, H4-7 and Ph). 31P{1H} NMR 
(C6D6): δ 12.5 (d, 3JPP = 19 Hz, dppm), 84.9 (t, 3JPP = 19 Hz, S2PEt2). IR (ν cm-1, KBr): 
3052 w, 2967 w, 2927 w, 1433 m, 1324 w, 1093 m, 1027 w, 730 s (PS), 697 vs (PS), 596 
m (PS), 534 m, 510 m. FAB+-MS: m/z 791 [M- Ind + S2PEt2]+, 639 [M-Ind]+, 601 [M-
S2PEt2]+. Anal. Calc. (Found) For C38H39P3S2Ru: C, 60.5 (60.6); H, 5.2 (5.3); S, 8.5 (8.3).  
Data for 41. 1H NMR (C6D6): δ 0.45 – 0.57 (m, 6H, S2P(CH2CH3)2), 0.87 – 1.02 (m, 4H, 
S2P(CH2CH3)2), 1.14 – 1.25 (m, 6H, S2P(CH2CH3)2),  2.18 – 2.45 (m, 4H, 
S2P(CH2CH3)2), 4.78 – 4.85 (m, 2H, CH2(PPh2)2), 6.91 – 7.34 and 8.10 – 8.16 (each m, 
24H, Ind and Ph). 31P{1H} NMR (C6D6): 5.1 (s, dppm), 105.6 (s, S2PEt2). IR (ν cm-1, 
KBr): 3049 w, 2967 w, 2929 w, 2874 w, 1433 m, 1096 m, 1036 w, 723 s (PS), 699 vs 
(PS), 674, 603 w (PS), 541 m, 510 m. FAB+-MS: m/z 791 [M]+, 639 [M-S2PEt2]+. Anal. 
Calc. (Found) For C33H42P4S4Ru: C, 50.0 (50.2); H, 5.4 (5.4); S, 16.2 (15.7).  
Data for 42. 1H NMR (C6D6): δ 3.94 – 4.06 and 4.42 – 4.54 (each m, 1H, CH2(PPh2)2), 
5.15 (t, 3JHH = 2.5 Hz, 1H, H1), 5.82 (d, 3JHH = 2.5 Hz, 2H, H2,3), 6.66 – 6.69 (4-line m, 
2H, H4-7), 6.90 – 7.11, 7.26 – 7.32, 7.47 – 7.53 and 8.13 – 8.20 (m, 32H, S2PPh2, dppm 
and Ind). 31P{1H} NMR (C6D6): δ 12.6 (d, 3JPP = 15 Hz, dppm), 70.9 (t, 3JPP = 19 Hz, 
S2PPh2). IR (ν cm-1, KBr): 3050 w, 1481 w, 1434 s, 1306 w, 1098 s, 726 m (PS), 703 vs 
(PS), 568 s (PS), 539 m, 509 m. FAB+-MS: m/z 850 [M]+, 735 [M- Ind]+, 601 [M-
S2PPh2]+. Anal. Calc. (Found) for C46H39P3S2Ru: C, 65.0 (65.2); H, 4.6 (5.0); S, 7.6 (7.7).  
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Data for 43. 1H NMR (C6D6): δ 4.76 – 4.82 (m, 2H, CH2(PPh2)2), 6.91 – 7.34, 8.08 – 
8.26 (each m, 24H, Ind and Ph). 31P{1H} NMR (C6D6): 4.0 (s, dppm), 88.0 (s, S2PPh2). 
IR (ν cm-1, KBr): 3049 w, 2923 w, 2854 w, 1480 w, 1433 m, 1305 w, 1097 s, 1025 w, 
997 w, 845 w, 725 s (PS), 703 vs (PS), 631 w, 608 w, 567 s (PS), 538 m, 508 m. FAB+-
MS: m/z 984 [M]+, 735 [M – S2PPh2]+. Anal. Calc. for C49H42P4S4Ru: C, 59.8 (60.1); H, 
4.3 (4.6); S, 13.0 (12.6).  
 
2.3.11.  Reaction of 27 with KS2COiPr 
A solution of 27 (50 mg, 0.13 mmol) and KS2COiPr (45 mg, 0.26 mmol) in 
CH3OH (15 mL) was stirred for 30 min at ambient temperature. The red solution slowly 
turned orange yellow. Solvent was removed under vacuo and extracted with toluene (ca. 
20 mL) to afford orange-red oil of [Ru(CO)2(η2-S2COiPr)2] 44 (24 mg, 50 % yield).  
Data for 44. 1H NMR (C6D6): δ 0.85 (m, 6H, CH3), 5.15 (septet, 1H, 3J = 6.1 Hz, CH). 
13C NMR (C6D6): δ 21.8 (CH3), 78.0 (O-CH), 195.3 (SCO), 230.0 (CO). IR (THF, cm-1): 
νCO 2047s, 1986s. FAB+-MS: 429.3 [M+H]+.  
 
2.3.12.  Reaction of 27 with TMNO.2H2O 
A solution of 27 (20 mg, 0.05 mmol) and TMNO.2H2O (12 mg, 0.11 mmol) in 
CH3CN (10 mL) was stirred for 1 h at ambient temperature The resulting dark brown 
solution was adsorbed onto Celite. Solvent was removed under vacuo and the celite 
mixture was loaded onto silica gel column (5 x 2 cm) prepared in n-hexane. Elution gave 
a orange-red eluate in toluene (ca. 40 mL), which upon removal of solvent, afforded a red 
solid of [(Ind)Ru(CO)I]2 45 (13 mg, 70 % yield).    
Chapter 2 Reactivity studies of [(Ind)Ru] complexes with P-, N- and S-containing ligands 
 150
Data for 45. 1H NMR (C6D6): δ 4.26 (d, 3JHH = 2.5 Hz, 4H, H2,3), 4.37 (t, 3JHH = 2.5 Hz, 
2H, H1), 6.54 (d, 3JHH = 8.2 Hz, 2H, H4-7), 6.77 (t, 3JHH = 8.1 Hz, 2H, H4-7), 6.90 (t, 3JHH = 
7.9 Hz, 2H, H4-7), 7.59 (d, 3JHH = 8.2 Hz, 2H, H4-7). IR (KBr, cm-1) νCO: 1925s. ESI+-MS: 
742.5 [M]+.  
 
2.3.13. Reactions of 27 with KS2COiPr and NaS2CNEt2 in the presence of 1-
trimethyl N-xoide, TMNO.2H2O 
2.3.13.1. Reaction of 27 with KS2COiPr in the presence of TMNO.2H2O 
A solution of 27 (30 mg, 0.08 mmol) and TMNO.2H2O (17 mg, 0.15 mmol) in 
CH3CN (15 mL) was stirred for 30 min at ambient temperature. The resulting dark brown 
solution was cannulared into a flask containing KS2COiPr (14 mg, 0.08 mmol) and the 
reaction mixture was stirred for 1 h; dirty green solution resulted. The reaction mixture 
was concentrated to ca. 10 mL and adsorbed onto Celite. Solvent was removed under 
vacuo and the celite mixture was loaded onto silica gel column (5 x 2 cm) prepared in n-
hexane. Elution gave a yellow eluate in toluene (ca. 25 mL), which upon removal of 
solvent, afforded an orange oil of [(Ind)Ru(CO)(η2-S2COiPr)] 46 (23.0 mg, 81 % yield).   
Data for 46. 1H NMR (C6D6): δ 0.80 (d, 6H, 3JHH = 6.2 Hz, CH3), 4.77 (t, 1H, 3JHH = 2.6 
Hz, H1), 5.00 (septet, 1H, 3JHH = 6.2 Hz, O-CH), 5.07 (d, 2H, 3JHH = 2.6 Hz, H2,3), 6.83-
6.87 (4-line m, 2H, H4-7), 6.95-6.98 (4-line m, 2H, H4-7). 13C NMR (CD2Cl2): δ 21.4 
(CH3), 65.1 (C1,3), 76.8 (O-CH), 85.8 (C2), 111.6 (C3a, 7a), 124.8, 127.4 (C4,7 and C5, 6), 
199.4 (SCO), 231.9 (CO). IR (THF, cm-1): νCO 2041s. EI-MS: 380.1 [M]+, 352.0 [M-
CO]+, 217.0 [M-CO-S2COC3H7]+. HR-FAB+-MS for C14H14O2RuS2 [M]+: m/z 379.9563 
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(Found), 379.9473 (Calcd.); for C13H14ORuS2 [M-CO]+: m/z 351.9599 (Found), 351.9524 
(Calcd.) 
 
2.3.13.2. Reaction of 27 with NaS2CNEt2.3H2O in the presence of TMNO.2H2O 
A solution of 27 (30 mg, 0.08 mmol) and TMNO.2H2O (17 mg, 0.15 mmol) in 
CH3CN (15 mL) was stirred for 30 min at ambient temperature. The resulting dark brown 
solution was cannulared into a flask containing NaS2CNEt2.3H2O (17 mg, 0.80 mmol) 
and the reaction mixture was stirred for 1 h to give a brownish yellow solution. The 
reaction mixture was concentrated to ca. 10 mL and adsorbed onto Celite. Solvent was 
removed under vacuo and the celite mixture was loaded onto silica gel column (5 x 2 cm) 
prepared in n-hexane. Elution gave two fractions: (i) a yellow eluate in toluene (ca. 25 
mL), which upon removal of solvent, afforded a yellow solid of (Ind)Ru(CO)(η2-S2CNEt2) 
47 (10.0 mg, 34 % yield). (ii) an orange-brown eluate in THF (ca. 50 mL), which gave a 
dark brown oil of unidentified compound (15 mg).  Yellow crystals of 47 were obtained 
from slow evaporation in a C6D6/CH3CN solution overnight at RT. 
Data for 47. 1H NMR (C6D6): δ 0.61 (t, 3JHH = 7.1 Hz, 6H, N-CH2CH3), 2.94 (q, 3JHH = 
7.1 Hz, 4H, N-CH2), 4.85 (t, 3JHH = 2.6 Hz, 1H, H1), 5.16 (d, 3JHH = 2.6 Hz, 2H, H2,3), 
6.91-6.96 (4-line m, 2H, H4-7), 7.12-7.16 (m, H4-7). 13C NMR (C6D6): δ 11.7 (CH3), 43.1 
(N-CH2), 64.6 (C1, 3), 85.8 (C2), 113.1 (C3a, 7a), 124.4, 126.3 (C4, 7 and C5, 6), 201.5 (SCN), 
215.3 (CO). IR (THF, cm-1) νCO: 1931s. FAB+-MS: 393.0 [M]+, 364.9 [M-CO]+. Anal. 
Calc. (Found) For C15H17NORuS2: C, 45.9 (45.8); H, 4.4 (4.2); N, 3.6 (3.2); S, 16.3 
(16.0).  
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Chapter 3: Catalytic investigation on [IndRu] complexes 
3.1 Introduction 
Ruthenium-based catalysts have contributed tremendously to organic synthesis, as 
they have been found to promote a diversity of new transformations never observed with 
classical metal catalysts.180 One special feature of ruthenium catalysts is its ability to 
activate unsaturated hydrocarbon molecules to produce functionalised derivatives via 
atom economic, intra- or inter-molecular, carbon-heteroatom and carbon-carbon bond 
formation.52, 181  The limited studies on the catalytic activity of indenyl ruthenium 
complexes (section 1.3.2), especially those with carbonyl or S-containing ligands, have 
prompted us to investigate their catalytic potential. In particular, we have chosen to 
examine their ability in catalyzing homocoupling of, and addition of carboxylic acids to, 
terminal alkynes which satisfy the criterion of atom economy. 
 
3.1.1 Homo-coupling of terminal alkynes 
The dimerization of terminal alkynes involves C-H activation of the terminal 
alkyne, followed by the addition of a second terminal alkyne, to give 1,3-enynes (Scheme 
3.1). 1,3-enynes are useful precursors to many derivatives, including polysubstituted 
benzene,182 conjugated diene,183 biscyclopropanes,184 organic conducting polymers and 
key precursor for neoprene rubber (from dimeric product, CH2=CH-C≡CH). 185  1,3-
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Most of the earlier catalytic systems afforded head-to-tail dimers.187 The earliest 
reports on tail-to-tail coupling involved Rh(PPh3)3Cl, 188  Pd(PPh3)4, 189  or 
Ir(biph)(PMe3)3Cl/AgBF4(biph = biphenyl-2,2’-diyl),190 as catalyst, but these suffered 
from low yields and only applied to substrates with specific functional groups. 
Ruthenium catalysts such as [Ru(CO)(H)(Cl)(PPh3)3] 190  and [(PP3)Ru(H)(X2)]BPh4 191 
(PP3 = P(CH2CH2PPh2)3; X = H, N)  were among the first catalysts reported to give 
selectively Z-1,4-disubstituted enynes. A number of half-sandwich Ru complexes 
containing pentamethylcyclopentadienyl (C5Me5 (Cp*)),192 trispyrazolylborate (Tp),193 or 
carbene (e.g. Grubbs’ catalyst [Cl2(PCy3)2Ru=CHPh], 194  [Cl2(PCy3)2(triazol-5-
ylidene)Ru=CHPh], 195  and (p-cymene)RuCl2(triazol-5-ylidene) 196 ) also emerged as 
excellent catalysts to give selectively tail-to-tail coupling products. However, regio- and 
stereoselectivity of the products remained largely dependent on the nature of the terminal 
alkyne.188-196  
Indenyl rhodium and -ruthenium catalysts also showed catalytic activity in the 
trimerization and dimerization of terminal alkynes, respectively. This is in contrast to 
their Cp analogues, which showed either poor or no activity.53,197 The higher catalytic 
activity of indenyl complexes was attributed to the indenyl effect, whereby the η5 to η3 
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3.1.2 Addition of carboxylic acids to terminal alkynes  
The transition-metal catalyzed addition of a carboxylic acid to a terminal alkyne 
represents an excellent and convenient way of synthesizing enol esters via the formation 
of a C – O bond (Scheme 3.3). 
Scheme 3.3. 














Enol esters have specific industrial applications, e.g., as monomers in 
polymerization.199,200 They are also frequently utilized as acylating reagents in reactions 
involving carbon-carbon bond or carbon-heteroatom bond formation. 201 , 202  This is 
especially important in the acylation of fragile substrates sensitive to acidic or basic 
conditions.  
 Although mercury(II)- or strong Lewis acid-catalyzed carboxylation of alkynes 
are efficient in producing enol esters, the use of toxic catalysts and harsh reaction 
conditions are undesirable. 203 Hence, subsequent research in this area has uncovered 
other transition metal catalysts, which includes complexes of Ru, Rh, 204 Ir, 205 Pd, 206 
Re,207 and bimetallic systems (Ru-Ti and Ru-Re).208 The best catalytic systems so far are 
based on Ru catalysts.  
The first generation of efficient catalysts for Markovnikov addition includes 
Ru3(CO)12,209 a multi-component system consisting of (η5-C8H11)2Ru/phosphine with or 
without maleic anhydride, 210 and RuCl3.3H2O/phosphine. 211  Subsequently, 
(arene)RuCl2(PMe3),212 [Ru(O2CH)(CO)2(PPh3)]2,211c, 212  and the Ru-vinylidene 
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complexes [Ru(=C=CHtBu)Cl(L)(L’)2],195, 213were reported to exhibit higher tolerance 
towards functionalised carboxylic acids and improved regioselectivity for Markovnikov 
addition.  
The first Ru catalysts that favoured anti-Markovnikov addition to give selectively 
the Z-isomers were the π-allyl Ru complexes, [(η3-C4H7)2Ru(Ph2P(CH2)nPPh2)] (n = 1 – 
4), in which steric rather than electronic factors were found to be responsible for the 
regioselective addition.214 Other Ru complexes, such as TpRu(L)Cl (L = C8H12, pyridine, 
H2N(CH2)2NH2), 215  [Cl2(PCy3)2(triazol-5-ylidene)Ru=CHPh],196 [(p-
cymene)RuCl2(triazol-5-ylidene)],197 [CpRu(CO)2]2 and [CpRu(CO)2Cl] , 216  also 
catalysed formation of the anti-Markovnikov adducts. However, the lack of 
regioselectivity remained a challenge.  
 Recent efforts have revealed that regiocontrol can be achieved by the choice of 
added base to [(p-cymene)RuCl2]2/P(Fur)3 (Na2CO3 to give Markovnikov products; 
DMAP to give anti-Markovnikov products),217 or by coordination of bulky diphosphine 
ligands (e.g. NUPHOS, BIPHEP, BINAP) (Chart 3.1) to [(p-cymene)Ru] complexes.218 
The pKa of the reaction solution was also found to be effective in giving anti-
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3.2 Results and Discussion 
3.2.1 Catalytic activity of [(Ind)Ru] complexes in homo-coupling of 
phenylacetylene, HC≡CPh 
3.2.1.1 Catalytic activity of [(Ind)Ru(L)(L’)(X)] (LL’ = dppm, dppf; X = S-
containing ligands) in homo-coupling of phenylacetylene, HC≡CPh 
  
 [(Ind)Ru] complexes with diphosphine and S-containing ligands synthesized in 
Chapter 2 were tested for catalytic activity in the homo-coupling of phenylacetylene. The 
catalytic results are reported in Table 3.1. 














major product minor product trace amount
I II III
 
Entry [(Ind)Ru(dppf)] Time/ h Overall Conversion  
(%) a 
Yield of I and II 
(%) b 
Z/E ratio 
1 H 13 36 87 43 2.9 
2 SMe 10 30 30 9 2.4 
3 SPh 12 54 53 13 2.3 
4 S2COEt 35 24 98 61 14.3 
5 S2COiPr 36 24 97 60 14 
6 S2PEt2 38 13 93 43 22.7 
7 S2PPh2 39 18 97 71 10.8 
 [(Ind)Ru(dppm)]     
8 S2PEt2 40 24 96 43 7.4 
9 S2PPh2 42 28 99 41 4.8 
Reaction condition: toluene, 110 ºC, [PhC≡CH] = 0.8 M, catalyst loading = 2.75 mol %. 
a Based on the consumption of PhC≡CH, determined by GC. 
b GC yields. 
 
 Sulfur-containing compounds have long been known to act as catalyst poisons 
because their strong coordination and adsorptive properties often rendered the catalytic 
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reactions totally ineffective. 220  However, there are examples showing that transition 
metal complexes with S-containing ligands can be excellent catalysts too.221  This series 
of [(Ind)Ru] complexes with S-containing ligands also showed catalytic activity in the 
dimerization of phenylacetylene to form the tail-to-tail 1,4-disubstituted enynes (I and II).  
 The thermodynamically less stable enyne, (Z)-1,4-disubstituted enyne, was 
formed preferentially in all cases, with Z/E ratio ranging from 2.3 to 22.7. This is in sharp 
contrast with the closely related [(Ind)Ru(L)(L’)X] (L = L’ = PPh3, X = H, C≡CPh; LL’ = 
dppm, X = H, C≡CPh, (E)-CH=CHPh; LL’ = dppe, X = H, C≡CPh; LL’ = COD, X = Cl) 
system, which was reported by Bassetti and co-workers to give the (E)-enyne.35b In our 
system, those with the bulkier dppf ligand (entries 4 – 7) led to higher selectivity (Z/E 
ratio: 10.8 – 22.7) than its dppm analogues (entries 8, 9) (Z/E ratio: 4.8 – 7.4).  
 The rate of reaction was found to be fastest in [(Ind)Ru(dppf)(S2PR2)] (R = Et, 
Ph), which achieved 93 % and 97 % conversion in 13 h and 18 h, respectively. High 
overall conversion was observed in all reactions catalyzed by [(Ind)Ru] complexes with 
1,1-dithiolate ligands (Table 3.1, entries 4 – 9). However, tail-to-tail enynes were 
obtained in moderate yields. Similar discrepancy between conversion percentage and 
enyne yield was also observed by Bassetti, which have been attributed to thermal 
polymerization of the alkyne.35b  
 A plausible catalytic cycle for the reaction is depicted in Scheme 3.5. Reaction of 
the catalyst precursor with 2 equiv. of PhC≡CH may lead to the catalytically active η2-
alkyne/σ-alkynyl intermediate 3.1 via protonation and dissociation of dithiolate/thiolate 
ligands. The presence of a σ-alkynyl complex was considered to be vital in the catalytic 
cycle.193b-c,194,223 The lability of the dithiophosphinate ligands in 38 and 39 may have led 
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to the faster rate of reaction compared to their xanthate analogues. In contrast, the 
stronger σ-donor characteristic of SR- in 10 and 12 would have been expected to inhibit 
its dissociation, and hence accounting for their lower catalytic activity (entries 2 and 3). 
In the case of [(Ind)Ru(dppf)H] 13, the reaction with 3 equiv. of PhC≡CH to afford 









































PP = dppm, dppf
X = C; Y = OEt, OiPr
X = P; Y = Et, Ph
 
 Ring slippage of the indenyl ligand would have allowed the diphosphine ligand to 
remain chelated throughout the catalytic cycle. The involvement of vinylidene complexes 
such as 3.2 in ruthenium-catalysed reactions is well-documented, 222 and therefore a 1,2-
migration of the acetylide via an η3→ η5 ring slippage would lead to the alkenyl 3.3; 
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presumably, steric hindrance between the phenyl and the [(Ind)Ru(LL)] moieties 
favoured the configuration shown and hence the (Z)-isomer in step iv.   
 
3.2.1.2 Catalytic activity of 22 and 27 in homo-coupling of phenylacetylene, 
HC≡CPh 
Complex [(Ind)Ru(CO)2]2 22 and [(Ind)Ru(CO)2I] 27 catalysed dimerization of 
PhC≡CH in the presence of piperidine to give the tail-to-tail (E)-1,4-diphenyl-1-buten-3-





0.1 mol % 
Catalyst
Piperidine
 110°C, 24 h
2
II  
The presence of piperidine was vital as no self-coupled product was observed in 
its absence (Table 3.2, entry 1). Optimizations of the catalytic reactions were carried out 
to maximize the yield of II. The detailed results of the optimization process are presented 
in the appendix. It was found that the yield of II increased with increasing amount of 
piperidine used at a constant catalyst loading of 0.1 mol% 22 or 0.5 mol% 27. Optimum 
condition of 0.83 equiv. of piperidine w.r.t. HC≡CPh and 0.1 mol% of 22 gave almost 
quantitative conversion to II (99 %) (Table 3.2, entry 2). While a catalyst loading of 0.5 
mol % of [(Ind)Ru(CO)2I] 27 is necessary to give highest yield of II (76 %) with 0.50 
equiv. of piperidine w.r.t. HC≡CPh (Table 3.2, entry 3). 
Piperidine, widely known as a base, is also known to act as a coordinating solvent. 
In establishing the role of piperidine in homo-coupling of HC≡CPh, we have also 
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examined the reaction in the presence of different amines, coordinating solvents and 
bases. The results are presented in Table 3.2, entry 4 - 13. 
Table 3.2. Effect of amines, coordinating solvents and base on yield of II. 
Entry Catalyst Solvent Base Yield of II (%) c 
1 22 - 0 
2 a* 22 Piperidine 99 
3 b* 27 Piperidine 76 
4 a 22 Methylamine 25 
5 a 22 n-Propylamine 43 
6 a 22 Diisopropylamine 0 
7 a 22 Dipropylamine 0 
8 a 22 Triethylamine 0 
9 a 22 CH3CN - 0 
10 a 22 Dimethylformamide 
(DMF) 
- 0 
11 a 22 Dimethylsulfoxide 
(DMSO) 
- 0 
12 a 22 - NaOH 0 
13 a 22 - Na2CO3 0 
a  Molar ratio of HC≡CPh : amine/base = 1 : 0.83; 110 °C, 24 h.  
 Catalyst loading  0.1 mol %. 
b  Molar ratio of HC≡CPh : piperidine = 1 : 0.50; 110 °C, 24 h. 
 Catalyst loading  0.5 mol %. 
c GC yields. 
*Optimized condition  
 
Dimeric product, II, was formed only in the presence of methylamine, n-
propylamine and piperidine (Table 3.2, entry 2, 4 - 5). Reported findings have shown that 
primary and secondary amines are excellent bases for oxidative self-coupling of HC≡CPh 
to form diphenyl diacetylene.223 Thus, it was unexpected that no product was formed in 
secondary aliphatic amines, i.e. dipropylamine and diisopropylamine. However, the 
absence of II may be attributed to the poor solubility of 22 in these amines. Poor 
miscibility of methylamine and HC≡CPh was probably the cause for low yield of II 
compared to using n-propylamine (see Table 3.2, entry 4 and 5). Among the six amines 
tested, piperidine was found to be the best, giving the highest yield of 99 % (Table 3.2, 
entry 3).  
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Catalytic reactions were also carried out in coordinating solvents, which are not 
known to be bases (Table 3.2, entry 9 – 11), or in non-coordinating inorganic bases 
(Table 3.2, entry 12, 13). However, II was not formed. These results imply that both 
coordinating and basic properties are essential in the catalytic cycle.  
The catalytic reactivity of Cp and Cp* analogues of 22 were also investigated 
using the optimized condition found in homo-coupling of HC≡CPh (Table 3.3). The 
yields of II decreased with catalysts 22 > [CpRu(CO)2]2 > [Cp*Ru(CO)2]2, indicating 
[(Ind)Ru] has the best catalytic activity. 
Table 3.3. [LRu(CO)2]2 (L = Ind, Cp, Cp*) catalyzed dimerization of PhC≡CH in the 
presence of piperidine. 
Entry Catalyst Solvent/Base Yield of II (%) c 
1* 22 Piperidine 99 
2 [CpRu(CO)2]2 Piperidine 12 
3 [Cp*Ru(CO)2]2 Piperidine 5 
Reaction condition: Molar ratio of HC≡CPh : piperidine = 1 : 0.83;  
110 °C; 24 h. Catalyst loading  0.1 mol %. 
* Optimized condition  
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 Piperidine, as a coordinating solvent, may have reacted with dimer 22 to give 
mononuclear [(Ind)Ru(CO)2(piperidine)]+ 3.4, postulated to be the catalytic active 
species. This is verified by reacting 22 in refluxing piperidine, which gave new terminal 
carbonyl IR stretches at 2015 and 1927 cm-1, indicating the formation of a mononuclear 
species. The displacement of I- in 27 by piperidine may not be as feasible, hence the 
observed lower catalytic activity. The possibility that any catalytic active species 
generated from 22 and PhC≡CH was ruled out. This was also verified by a separate 
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reaction between 22 and refluxing PhC≡CH, monitored by IR spectroscopy, which 
showed no reaction. 
 The coordinated piperidine in 3.4 can be easily displaced by PhC≡CH, leading to 
the equilibrium between the η1-vinylidene and η2-alkyne species (step i). The acidic 
proton on the vinylidene moiety can be abstracted by piperidine, which is also a base, to 
give the catalytically active σ-alkynyl complex (step ii). Hence, the roles of piperidine in 
generating the catalytic active species 3.4 and in deprotonating vinylidene moiety to give 
σ-alkynyl complex are the two indispensable steps for the efficiency of the catalytic 
reaction. Another similar reported example was the dimerization of terminal alkynes 
catalyzed by [Cp*Ru(=C=CHPh)(PPh3)Cl];192b-c in which an amine additive, Et3N, was 
needed to deprotonate the vinylidene ligand to give the catalytic active σ-alkynyl species, 
[Cp*Ru(-C≡CPh)(PPh3)].192c   
The ring slippage of the indenyl ligand (η5 Æ η3) was probably essential in 
generating a vacant site, which can be filled by another PhC≡CH molecule (step iii). 
Hence, its Cp and Cp* analogues, in which ring slippage are not as feasible, showed low 
activity. 35b,198, 224  Subsequent intramolecular addition accompanied by the η3 Æ η5 
slippage, generated the E-isomer intermediate (step iv). The displacement of the enyne by 
phenylacetylene regenerates the catalytic active σ-alkynyl complex (step v).  
The preference for the more stable (E)-isomer over the (Z)-isomer as compared to 
that catalyzed by the [(Ind)Ru(dppf/dppm)] complexes with S-containing ligands, can be 
explained by the absence of the sterically demanding diphosphine ligand in the former. 
This can be easily visualized by the ball-and-stick diagrams of the two intermediates 
involved (Chart 3.2.). 
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Chart 3.2. 
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3.2.2 Catalytic activity of 22 in cross-coupling of terminal alkyne and carboxylic 
acids 
The catalytic potential of complex 22 was also investigated for the addition of 
carboxylic acids to PhC≡CH to give enol esters.  
 Complex 22 showed excellent catalytic activity in cross-coupling of PhC≡CH and 
carboxylic acids. In essence, the following trends were observed: 
(i) Addition of carboxylic acids to PhC≡CH gave selectively the anti-Markovnikov 
adducts (Table 3.4, entry 1 – 9), with the exception of carboxylic acids containing 
fluorinated substituents, which gave mainly the Markovnikov adducts (Table 3.4, 
entry 10 – 11).  
(ii) The E isomer was formed selectively in most cases, with E/Z ratio ranging from 
1.5 to 16.4 (Table 3.4, entries 1 – 4, 6 – 9). Carboxylic acids with low pKa (≤ 3.0) 
resulted in lower overall selectivity (selectivity < 90%; E/Z ratio < 2). In the case 
of benzoic acid (entry 6) and trifluoroacetic acid (entry 10), longer reaction time 
led to lower selectivity. 
(iii) In general, medium to high yield of adducts were obtained. Addition of carboxylic 
acids with pKa ≤ 3.0 has better turn over frequency (TOF) (Table 3.4, entries 5, 8 
- 11). 
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Table 3.4. Cross coupling of carboxylic acids to PhC≡CH catalyzed by 22. 
R + R'COOH





















% yield of 
adducts 
% yield of E 
anti-M 
product # 
% yield of Z 
anti-M 
product # 
% yield of M 
product # 
% Selectivity* E/Z 
ratio 
1a CH3COOH 4.76 15 74.8 56.0 15.5 3.3 95.7 3.6 
1b   24 90.0 67.8 17.8 4.4 95.0 3.8 
2 CH3CH2COOH 4.88 15 71.9 53.7 15.2 3.0 95.8 3.5 
3 CH3(CH2)2COOH 4.82 15 74.4 56.5 15.8 2.1 97.0 3.6 
4 tBuCOOH 4.86 15 68.7 51.9 15.1 1.7 97.5 3.4 
5 CH3CH(Br)COOH 3.00 6 83.6 33.1 34.9 15.6 81.3 0.95 
6a C6H5COOH 4.20 15 62.7 57.8 3.5 1.4 97.8 16.4 
6b   24 70.2 53.0 12.8 4.4 93.7 4.1 
7 4-iodobenzoic acid 4.02 15 57.0 38.3 13.8 4.9 91.4 2.8 
8 2-iodobenzoic acid 2.85 15 99.9 57.1 30.1 12.7 87.3 1.9 
9 2-acetamidoacrylic 
acid 
3.53 5 57.2 28.9 19.9 8.4 85.4 1.5 
10a CF3COOH 0.26 5 67.3 - 17.4 49.9 74.2 (M)  
10b   24 77.8 5.9 27.5 44.4 57.1 (M)  
11 C6F5COOH 1.60 5 89.3 15.7 16.1 57.5 64.4 (M)  
Toluene, 110 ºC, [PhC≡CH] = 1 M, PhC≡CH: carboxylic acid: catalyst = 100:100:1. 
Yields obtained via 1H NMR spectroscopy. 
* % selectivity = Anti-Markovnikov adducts/total enol esters x 100%. 
# M = Markovnikov. 
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  The detailed mechanism of carboxylation of terminal alkynes has not been studied. 
However, several pathways have been proposed.204,210a,217,226 A possible pathway, using 
22 as the catalytic precursor, to give anti-Markovnikov or Markovikov adducts is shown 




























































As mentioned earlier in section 3.2.1.2, the catalytic species is not likely to be 
generated from the reaction of 22 and PhC≡CH. The reaction of 22 with carboxylic acid 
may have proceeded via oxidative addition across the metal-metal bond to give 3.5 and 
[(Ind)Ru(CO)2H].216 Subsequent coordination of PhC≡CH (step i) may require the 
dissociation of a CO ligand. The indenyl ring slippage may not be essential, since its Cp 
analogue catalyzed this reaction in similar activity.216 Isomerism of the η2-alkyne and η1-
vinylidene (step ii), followed by intramolecular addition led to intermediates 3.6, which is 
in equilibrium with 3.7 (step iii).194–196,219 Intermediate 3.6 would generate anti-
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Markovnikov adduct, while 3.7 give Markovnikov adduct. The preponderance of 3.6 
would require a nucleophilic carboxylate ligand in stabilizing the intermediate through 
the donation of a lone pair from the O atom. Hence, weaker acids (therefore, stronger 
conjugate bases) gave anti-Markovnikov adduct selectively. Another pathway, 
intermolecular attack by carboxylate, can also explain the regioselectivity. The lower 
overall regioselectivities in strong acids are consistent with the intermolecular pathway as 
more carboxylates were generated in solution.216 The more thermodynamically stable 
(E)-adducts were formed preferentially, as the small CO ligands can accommodate (E)-
adduct intermediate without generating any steric strain. The importance of steric effect 
on stereoselectivity was illustrated by Kawano et. al., who have managed to isolate the 
real catalytic intermediate bearing a (Z)-enol ester-like ligand (Scheme 3.10) from a Ru 





















On the other hand, carboxylate ligand generated from strong acid would adopt 3.7, 
which is a 16-e species. The indenyl Ru catalyst may be able to stabilize this intermediate 
further by the ability of ring slippage (Scheme 3.11, 3.8), where the dissociation of the 
CO ligand is not necessary. Therefore, 22 is able to catalyze coupling of CF3COOH and 
PhC≡CH, while its Cp analogue could not.216 
Scheme 3.11. 
































Complex 22 represents another rare efficient catalyst in catalyzing coupling of 
carboxylic acids and terminal alkyne to give selectively (E)-isomer under relatively mild 
condition, while most of the reported Ru catalysts produced (Z)-isomer 
preferentially.196,205,207,214b It showed similar activities as its Cp analogue, with wider 
tolerance towards strong acids (to give Markovnikov adducts) and other functional 
groups on carboxylic acids to give good to excellent yield and selectivity.216 
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3.3 Conclusion 
[(Ind)Ru] complexes containing diphosphine and 1,1-dithiolate ligands catalyzed 
dimerization of PhC≡CH to give selectively tail-to-tail products, with (Z)-isomer being 
the major product. [(Ind)Ru] carbonyl complexes, 22 and 27, both showed superior regio- 
and stereoselectivity in catalyzing dimerization of PhC≡CH in the presence of piperidine 
to give the (E)-isomer. The reversed stereoselectivity observed compared to reactions 
catalyzed by [(Ind)Ru] diphosphine complexes may be due to the steric bulk in the latter. 
The property of piperidine, which is a base as well as coordinating solvent, is vital 
in homo-coupling of terminal alkyne catalyzed by 22 and 27. Presumably, piperidine acts 
as activating agent in generating the catalytic active species, [(Ind)Ru(CO)2(piperidine)]+ 
3.4, and in deprotonating η1-vinylidene complex to give [(Ind)Ru(CO)2(C≡CPh)]. 
Complex 22 also showed excellent catalytic activity in cross coupling of 
carboxylic acids to PhC≡CH to give selectively anti-Markovnikov adducts, with (E)-
isomer being the major products. However, selectivity is highly dependent on the pKa of 
the carboxylic acids. Lower selectivities and higher TOF were observed when carboxylic 
acids with low pKa were used. Addition of fluorinated carboxylic acids to PhC≡CH gave 
mainly Markovnikov products. The preponderance of Markovnikov or anti-Markovnikov 
adducts was presumably dependent on the ability of the carboxylate ligand in stabilizing 
the intermediate 3.6 or 3.7. 




 All reactions were carried out without exclusion of air and moisture, unless stated 
otherwise. Catalytic reactions were performed in 5-mL screw-capped vials equipped with 
Teflon stirrer bars. 1H NMR spectra were recorded on a Bruker ACF300 NMR 
spectrometer; chemical shifts were referenced to residual solvent. GC analyses were 
performed on a Perkin-Elmer Autosystem XL with an HP-1 column. Complexes 10, 12, 
13, 22, 27, 35, 36, 38, 39, 40 and 42 were prepared as described in Chapter 2. All other 
chemicals were obtained commercially and used without further purification. 
 
3.4.1 Catalytic activity of [(Ind)Ru(L)(L’)(X)] (LL’ = dppm, dppf; X = S-
containing ligands) in homo-coupling of phenylacetylene, HC≡CPh 
All catalytic reactions were performed under inert atmosphere. In a typical run, 
phenylacetylene (44 μl, 0.4 mmol) and nonane (34 μl, 0.19 mmol) were added into a 
solution of ruthenium catalyst (10, 12, 13, 35, 36, 38, 39, 40, 42) (2.75 mol %, 0.011 
mmol) in 0.5 mL toluene in a 5-ml screw-capped bottle. The mixture was heated at 110 
°C and monitored using GC/FID. The percentage of conversion and yield of products are 
determined by using nonane as internal standard. A standard solution of phenylacetylene 
(0.4 M), nonane (0.38 M) and Z-enyne (0.44 M) in toluene was prepared and response 










]tan[Re=      (1) 
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The products were identified by measuring the 1H NMR spectrum of each reaction 
mixture in CDCl3, which give a characteristic resonance at δ 5.93 as a doublet with 3JHH = 
12.4 Hz (lit. value: δ 5.84, 3JHH = 12.0 Hz)15 corresponding to Z-enyne as major product 
and δ 6.40 as a doublet with 3JHH = 15.7 Hz (lit. value: δ 6.33, 3JHH = 16.6 Hz)15 
corresponding to E-enyne as minor product. Pure Z-enyne was obtained by 
chromatographed a typical catalytic reaction mixture through silica gel (2 x 15 cm) as 
first fraction using hexane as eluent. 
 
3.4.2 Catalytic activity of 22 and 27 in homo-coupling of phenylacetylene, 
HC≡CPh 
In a typical catalytic run, potential catalyst (6 μmol, 0.1 mol %), phenylacetylene 
(0.400 mL, 6 mmol) and amine/coordinating solvents/inorganic base (1 mmol) were 
added into a 5 mL screw-capped vial and the reaction mixture was heated for 24 h at 110 
°C. After the reaction mixture was cooled to room temperature, an aliquot (0.100 mL) 
was measured using a micro-syringe. The reaction mixtures were diluted by acetone 
(0.300 mL) and nonane  (0.030 mL) was added as an internal standard. Reaction mixtures 
were analyzed using GC-FID for quantification purposes. 
 
3.4.3 Catalytic activities of 22 towards cross-coupling of phenylacetylene and 
carboxylic acids. 
In a typical run, carboxylic acid (0.5 mmol) and phenylacetylene (55 μL, 0.5 
mmol) were added into a solution of 22 (2.7 mg, 0.005 mmol) in 0.5 mL toluene in a 5-
mL screw-capped vial. The reaction mixture was heated to 110 °C. The reaction was 
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monitored using GC/FID. After phenylacetylene was totally consumed, 
hexamethylbenzene (4 mg, 0.025 mmol) was added into 0.25 mL of the reaction mixture. 
Solvent was evacuated under vacuum and the residue was dissolved in 0.5 mL of CDCl3. 
1H NMR spectra of each reaction mixtures were measured. The products formed can be 
identified by their characteristic coupling constants of olefinic resonances: 3JHH = 3 Hz 
(Markovnikov adduct), 3JHH ≈ 7 Hz (Anti-Markovnikov adduct, Z-isomer), 3JHH ≈ 12 Hz 
(Anti-Markovnikov adduct, E-isomer).39 The yield of each product can be determined by 
integration of the resonances due to each product with respect to the singlet of C6Me6 as 
internal standard. 
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Chapter 4 Reactivity studies of [(Ind)Ru] complexes towards Co(CO)4- 
4.1 Introduction 
In this chapter, the results obtained from the reactions of various Cp* and Ind 
complexes of ruthenium with NaCo(CO)4 48 will be presented. These reactions gave in 
addition to the anticipated Ru–Co metal–metal bonded complexes, derivatives arising 
from redox pathways. 
 
4.1.1 Heterobimetallic complexes containing half-sandwich ruthenium moiety 
There has been much research activity on the employment of heterobimetallic 
complexes in catalysis. 227  The prime motivation for this has been the possibility of 
cooperative reactivity of adjacent heterometallic centres, which may impart new 
reactivity patterns significantly different from those of the homobimetallic complexes.  
Early reports of the superb catalytic efficacy of mixtures of cobalt and ruthenium 
compounds,228 and later of ruthenium-cobalt heterobimetallic complexes,228e in methanol 
homologation, had spurred a surge in synthetic and reactivity studies of these 
complexes.229,230 When supported on silica, they have also been found to be effective 
catalysts in hydroformylation.231  
Synthetic routes to metal–metal bonded heterobimetallic complexes are very well 
documented;232 one of the most commonly employed being the displacement of a halide 
ligand by an anionic metal fragment such as [Co(CO)4]-. Nevertheless, ruthenium-cobalt 
heterobimetallic complexes containing a half-sandwich ruthenium moiety have been 
relatively less studied. Most of the reported compounds of this class were isolated in low 
yields, e.g., [CpRu(PPh3)2Co(CO)4] 4.1 (28% yield),228e [CpRu(CO)2Co(CO)4] 4.2 (10% 
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yield),229a [(p-cymene)Ru(CO)(μ2-PPh2)Co(CO)3] 4.3 (30% yield),229d and 





























R = iPr, tBu
(4.4)  
 However, Matsuzaka et al. managed to isolate [Cp*Ru(CO)2(μ2-CO)Co(CO)3] 
4.6 in high yield (86 %);229h, 233 subsequent substitution by dppm, tBuNC and alkynes 
(HC≡CTol, HC≡CCO2Me) in the presence of Me3NO·2H2O (TMNO.2H2O) gave very 
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4.2 Results and Discussion 
4.2.1 Reactions of [(Ind)Ru(L)(L’)Cl] (29: LL’ = dppm; 49: L = L’ = CO) 
with NaCo(CO)4 48 
Salt elimination reactions between NaCo(CO)4 48, and the ruthenium complexes 
LRu(diphos)Cl [L = Cp*, diphos = Ph2P(CH2)nPPh2, 50: n = 1 , or 51: n = 2; 29: L = Ind, 
diphos = dppm], at room temperature afforded Ru–Co bimetallic complexes [LRu(μ-
CO)2(μ-diphos)Co(CO)2] (52, 53 234  and 54), in 78–85% yields (Scheme 4.2). The 
displacement of the halide ligand by the anionic metal fragment [Co(CO)4]– is 
accompanied by the bridging of the diphosphine and two carbonyl ligands across the Ru–
Co bond. We note that while [(Ind)Ru(CO)2Cl] 49 reacted with 48 to give the metal–
metal bonded complex [(Ind)Ru(CO)2Co(CO)4] 55 (Scheme 4.3), [Cp*Ru(CO)2Cl] 4.5 



















L = Cp*; n = 1: 50
L = Cp*; n = 2: 51
L = Ind; n = 1:  29
48 L = Cp*; n = 1: 52
L = Cp*; n = 2: 53
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The complexes 52 - 54 exhibited the expected resonances for the diphosphines 
and Cp* or indenyl ligands in their 1H NMR spectra. Their 31P{1H} NMR spectra all 
showed a sharp doublet and a broad doublet at lower field; the latter due to quadrupolar 
coupling to the cobalt. The IR spectra indicated the presence of both terminal and 
bridging carbonyls.  
The IR spectrum of [(Ind)Ru(CO)2Co(CO)4] 55 showed clearly the absence of 
any bridging carbonyl ligand, in contrast to that for the Cp* analogue 4.6. This may be 
attributed to the greater electron donating ability of Cp* compared to Ind,229h and hence 
the tendency for the carbonyl ligands to bridge. This tendency is further enhanced by 
phosphine substitution at the metal centres, as observed in 52 - 54.  
 
Crystallographic studies 
Complex 54 has been characterized by a single-crystal X-ray structural study 
(Figure 4.1); that for 52 has already been reported.229h Their molecular structures are very 
similar in that both comprise a bimetallic complex in which the ruthenium and cobalt 
atoms are connected by a metal–metal bond, two bridging CO ligands and a bridging 
diphos ligand. The Ru–Co bond length in 54 is shorter than that in 52 (2.6474(4) and 
2.677(2) Å, respectively) and probably reflects the weaker indenyl-ruthenium compared 
to the Cp*–ruthenium interaction; stronger interaction in the latter would be expected to 
lengthen the metal–metal bond via a trans influence. The metal–phosphine bond lengths 
in both 52 and 54 are shorter to cobalt than to ruthenium [Ru(1)–P(3) = 2.3048(6) Å and 
Co(2)–P(4) = 2.2199(7) Å for 54]; these are comparable to the Co–P bond length of 
2.175(1) Å in Co2(CO)6(PMe3)2, 235  and the Ru–P bond length of 2.385 Å in 
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{Ru2(CO)4(PMe3)2(μ-O2CCH2CO2)}2, 236 and suggest that the difference is due to the 
different formal oxidation states [Co(0) vs. Ru(I)] since ruthenium and cobalt have the 
same covalent radii (1.26 Å). However, the reverse situation seems to be the case with 
regard to the bridging carbonyls. 
 
Figure 4.1. ORTEP diagram (50% probability thermal ellipsoids, hydrogen atoms 
omitted) and selected bond lengths [Å] and angles [°] of 54. Ru(1)–Co(2) = 2.6474(4); 
Ru(1)–P(3) = 2.3048(6); Co(2)–P(4) = 2.2199(7); Ru(1)–C(11) = 1.947(3); Ru(1)–C(12) 
= 1.962(3); Co(2)–C(22) = 1.772(3); Co(2)–C(21) = 1.776(3); Co(2)–C(12) = 2.002(3); 
Co(2)–C(11) = 2.021(3); O(11)–C(11) = 1.170(3); O(12)–C(12) = 1.182(3); O(21)–C(21) 
= 1.144(4); O(22)–C(22) = 1.130(4); P(3)–Ru(1)–Co(2) = 92.116(18); P(4)–Co(2)–Ru(1) 
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4.2.2.  Reaction of 1 with NaCo(CO)4 
The analogous reaction of the monophosphine-substituted derivative 
[(Ind)Ru(PPh3)2Cl] 1, however, was more complex (Scheme 4.4). In addition to the 
expected heterobimetallic product [(Ind)Ru(PPh3)(CO)(μ2-CO)Co(CO)3] 56, there were 
the mononuclear complexes [Ru(PPh3)2(CO)3] 57, and [(Ind)Co(CO)(PPh3)] 58. The 
presence of the complexes 57 and 58 indicated that ligand exchange and redox reaction 
between the ruthenium and cobalt precursors had occurred. While the oxidation state of 
Ru has been reduced from +2 to 0 in 57, that for Co has been increased from –1 to +1 in 
58; the ruthenium complex has also lost its indenyl and phosphine ligands in exchange 
for three carbonyls. This result was in sharp contrast with the reported chemistry of the 
Cp analogue, for which the heterobimetallic complex, viz., [CpRu(PPh3)2Co(CO)4] 4.1 
was isolated in low yield from the reaction of [CpRu(PPh3)2Cl] with TlCo(CO)4, but on 
switching from the Tl+ to the Na+ salt, the complex salt [CpRu(PPh3)2(CO)][Co(CO)4] 
was isolated instead.229e Neither the displacement of PPh3 by CO, nor the redox products 
that we have observed, were reported in these reactions. 
Complexes 56 - 58 have been characterized completely, including by single-
crystal X-ray crystallographic studies which confirmed that exchange of CO and PPh3 
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Crystallographic studies 
The structure of 57 determined here in the form of its CH2Cl2 solvate is 
essentially similar to that of its THF solvate reported previously. 237  The molecular 
structures of 56 and 58 are shown in Figure 4.2 and Figure 4.3, respectively. 
 
Figure 4.2. ORTEP diagram of 56  
(50% probability thermal ellipsoids, hydrogen atoms omitted). 
 
There is no known Cp or Cp* analogue to 56. However, it is interesting to 
compare its structure with those of the previously reported Cp* parent carbonyl 
[Cp*Ru(CO)2(μ-CO)Co(CO)3] 4.6 and its isocyanide derivative [Cp*Ru(CNBut)(CO)(μ-
CO)Co(CO)3] 4.7; 229h a common atomic numbering scheme and selected bond 
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L = Ind; L' = PPh3    56
L = Cp*; L = CO      4.6
L = Cp*; L = CNtBu 4.7  
Bond lengths [Å] or angles [°] 4.6 56 4.7 
Ru–Co 2.677(2) 2.7445(6) 2.735(4) 
Ru–L* 2.319(4) 1.890(4) 1.94(3) 
Ru–C(11) 1.929(14) 1.899(4) 1.92(3) 
Ru–C(12) 2.030(12) 2.206(3) 2.10(3) 
Co–C(12) 1.877(14) 1.817(4) 1.83(3) 
C(11)–O(11) 1.105(16) 1.136(4) 1.11(3) 
C(12)–O(12) 1.186(16) 1.174(4) 1.20(3) 
Co–Ru–L[a] 115.12(11) 103.7(1) 101.7(8) 
Ru–C(11)–O(11) 167.2(15) 168.6(3) 168(2) 
Ru–C(12)–O(12) 135.5(11) 126.0(3) 127(2) 
Co–C(12)–O(12) 138.0(11) 148.5(3) 145(3) 
* Refers to centroid of the five-membered ring. 
The overall structural features of the three compounds are the same, comprising 
of a single carbonyl bridging the Ru–Co bond, a terminal carbonyl on the ruthenium, and 
three on the cobalt. As in the case of 54, the Ru–Co bond length for 56 is significantly 
shorter than in either of the Cp* analogues [2.677(2) vs. 2.7445(6) and 2.735(4) Å in 56, 
4.6 and 4.7, respectively]. The bridging carbonyl is obviously skewed towards the cobalt 
in all three compounds, as in the case of 54. Although there appears to be only one 
bridging carbonyl in these three compounds, in contrast to two for 52 and 54, the 
carbonyl which should have made up the second bridging carbonyl [CO(11)] is actually 
semi-bridging (∠Ru-C(11)-O(11) ~ 167 – 169 o, compared with ∠Co-C-O ~ 173 – 179 
o).238This can be attributed to the presence of an electron-donating phosphorus on cobalt 
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in the case of 52 and 54, which increased electron density on the cobalt and hence the 
propensity towards bridging carbonyl.239 
The molecular structure of 58 is similar to those of known cyclopentadienyl 
analogues such as [CpCo(CO)2], 240  and [Cp*Co(CO)2], 241  and substituted indenyl 
analogues such as [(η5-C9H3Me4)Rh(CO)2],12 and [(η5-C9H6CHPh2)Rh(CO)(PiPr3)]. 242 
The indenyl ligand is coordinated unsymmetrically to the Co centre, as indicated by the 
longer bond lengths (by ~ 0.1 Å) from the metal to the bridgehead carbons than to the 
other three carbons of the five-membered ring. The values of the slip-fold parameters: 
slip distortion, Δ = 0.12(3) Å; hinge angle, HA = 5.6°; and fold angle, FA = 5.3°, are in 
agreement with η5 coordination of the indenyl.12,24a 
 
Figure 4.3. ORTEP diagram (50% probability thermal ellipsoids, hydrogen atoms 
omitted) and selected bond lengths [Å] and angles [°] of 58. Co(1)–C(1) = 1.711(3); 
Co(1)–P(1) = 2.1459(7); O(1)–C(1) = 1.156(3); C(1)–Co(1)–P(1) = 95.39(9); O(1)–C(1)–
Co(1) = 176.3(3). 
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4.2.3.  Reaction of 3 with NaCo(CO)4 
Similar redox chemistry was also observed in the case of [(Ind)Ru(dppf)Cl] 3. 
However, the heterobimetallic complex was not isolated and instead the complex salt 
[(Ind)Ru(dppf)(CO)][Co(CO)4] [59][Co(CO)4] was obtained, together with the Ru(0) 
complex [Ru(dppf)(CO)3] 60 and the known Co(I) complex [(Ind)Co(CO)2] 61 (Scheme 
4.5).243  
Complex [59][Co(CO)4] was characterized spectroscopically and analytically. Its 
IR spectrum showed two carbonyl stretches at 1972 and 1889 cm–1; very similar to the 
values for [CpRu(PPh3)2(CO)][Co(CO)4] (ν(CO) = 1978 and 1872 cm–1).229e The cation 
showed up as a molecular ion in the positive mode of the FAB-MS at m/z 799, together 
with fragments corresponding to subsequent loss of a CO and an indenyl ligand, while 

























PP = dppf  
The IR spectrum of 60 exhibited three CO stretching bands (2007, 1924 and 1896 
cm–1), as opposed to one (1896 cm–1) for 57. This indicated that they have different 
symmetries, as was confirmed by an X-ray crystallographic study on 60 (Figure 4.4).  
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Figure 4.4. ORTEP diagram (50% probability thermal ellipsoids, hydrogen atoms 
omitted) and selected bond lengths [Å] and angles [°] of 60. Ru(1)–C(3) = 1.899(4); 
Ru(1)–C(1) = 1.902(4); Ru(1)–C(2) = 1.912(4); Ru(1)–P(1) = 2.3737(9); Ru(1)–P(2) = 
2.3957(9); O(1)–C(1) = 1.150(4); O(2)–C(2) = 1.148(4); O(3)–C(3) = 1.133(4); C(3)–
Ru(1)–C(1) = 88.53(16); C(3)–Ru(1)–C(2) = 87.62(16); C(1)–Ru(1)–C(2) = 135.35(16); 
C(3)–Ru(1)–P(1) = 168.31(12); C(1)–Ru(1)–P(1) = 86.86(12); C(2)–Ru(1)–P(1) = 
88.12(11); C(3)–Ru(1)–P(2) = 94.04(12); C(1)–Ru(1)–P(2) = 110.63(12); C(2)–Ru(1)–
P(2) = 114.01(12); P(1)–Ru(1)–P(2) = 97.63(3). 
 
Complex 60 adopts a distorted trigonal bipyramidal geometry at the ruthenium 
atom. The two phosphorus atoms of the diphos occupy an axial [P(1)] and an equatorial 
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position [P(2)]. However, the 31P NMR spectrum of 60 showed only a singlet at δ = 40.8 
ppm, implying fluxionality, as may be expected for a five-coordinate complex.  
The failure to form the heterobimetallic complex at all in this case was intriguing. 
We have found that the halide ligand in 3 could not be substituted by CO in a direct 
reaction to form [(Ind)Ru(dppf)(CO)]Cl [59]Cl; a mixture of products which were not 
characterized was obtained instead. However, stirring 3 under 1 atm of CO and in the 
presence of NaPF6 afforded [59]PF6 in high yield; the same product could also be 
obtained from the reaction of the solvated complex [(Ind)Ru(dppf)(NCCH3)]PF6 [7]PF6 
with 1 atm of CO (Scheme 4.6). We therefore believe that in the reaction between 3 and 
48, the Cl– ligand was abstracted and this was replaced by the coordination of CO 
originating from the decomposition of [Co(CO)4]–. It is this coordination of CO to the Ru 
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4.3. Conclusion 
The results above clearly show that the salt elimination reaction between 
NaCo(CO)4 and Cp* or indenyl ruthenium chloride complexes do not always lead simply 
to a heterobimetallic species. The nature of the products depends on the nature of the 
ligands on ruthenium; in some cases, there are redox processes involved. Unfortunately, 
no clear trend is discernible yet as to when redox processes can become important 
although it would appear that a suitable diphosphine that can bridge across the 





General experimental as described in section 2.4.  
The complexes 48,244 3,29 29,152 49, 50 and 51 245 were prepared according to 
published methods. All other reagents are commercially available and used without 
further purification.  
Crystal structures of complexes 54 and 57 had one CH2Cl2 solvate molecule each, 
which exhibited disorder over two sites. For 54, the site occupancies were 0.75 and 0.25; 
for 57, these were 0.9 and 0.1. Appropriate restraints were placed on the atomic 
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4.4.1.  Reaction of 29 with 48 
To a THF (10 ml) solution of 29 (100 mg, 0.13 mmol) was added NaCo(CO)4 (1 
equiv.) and the solution was allowed to stir at RT for 24 h. The solvent was removed 
under reduced pressure, and the residue was first washed with hexane, followed by 
extraction with toluene. The toluene extract was concentrated and loaded onto a silica gel 
column prepared in n-hexane. Elution with toluene gave a reddish brown band as the 
major eluate which afforded [(Ind)Ru(μ2-dppm)(μ2-CO)2Co(CO)2] 54 (97 mg, 80% yield).  
Data for 54. 1H NMR (C6D6): δ 2.03 (t, J = 9.06 Hz, 2H, CH2(PPh2)2), 5.18 – 5.20 (m, 
3H, H1-3), 6.64 – 6.67, 6.89 – 7.01, 7.10 – 7.14, 7.30 – 7.36 (m, 24H, CH2(PPh2)2 and H4-
7). 31P{1H} NMR (C6D6): δ 44.4 (d, br, 2JPP = 109 Hz, Co-P), 59.3 (d, 2JPP = 109 Hz, Ru-
P). IR (CH2Cl2, cm-1): νCO 1997s, 1944s, 1739s. FAB+-MS: 716 [M – 2CO]+, 657 [M – 
2CO – Co]+, 629 [M – 3CO – Co]+, 601 [M – 4CO – Co]+. Anal. Calc. (Found) for 
C38H29O4P2CoRu: C, 59.2 (59.6); H, 3.8 (3.4). 
 
4.4.2.  Reaction of 49 with 48 
To a THF (10 ml) solution of 49 (30 mg, 0.098 mmol) was added NaCo(CO)4 (1 
equiv.) and the solution was allowed to stir at RT for 24 h. The solvent was removed 
under reduced pressure, and the residue was extracted with hexane. The extract was 
concentrated. After 1 day at -30 °C, dark red crystals of [(Ind)Ru(CO)2Co(CO)4] 55 (30 
mg, 69% yield) were obtained. 
Data for 55. 1H NMR (C6D6): δ 4.60 (t, 3JHH = 3.3 Hz, 1H, H1), 4.81 (d, 2H, H2,3), 6.79 (s, 
4H, H4-7). 13C NMR (C6D6): δ 76.5 (s, C1,3), 91.5 (s, C2), 111.1 (s, C8,9), 124.2 and 
129.8 (s, C4-7), 204.3 (CO). IR (hex, cm-1): νCO 2067m, 2022s, 1986m,br, 1963w,br, 
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1955w,br. FAB+-MS: m/z 444 [M]+, 388 [M-2CO]+, 360 [M-3CO]+, 332 [M-4CO]+. Anal. 
Calc. (Found) for C15H7CoO6Ru: C, 40.7 (40.8); H, 1.6 (1.5).  
 
4.4.3.  Reaction of 1 with 48 
To a THF (10 ml) solution of 1 (100 mg, 0.13 mmol) was added NaCo(CO)4 (1 
equiv.) and the solution was allowed to stir at RT for 24 h. The solvent was removed 
under reduced pressure, and the residue was extracted with toluene. The toluene extract 
was concentrated and chromatographed on a silica gel column. Elution gave four 
fractions: (i) a yellow eluate with hexane:toluene (4:1, 15 mL) yielded 58 (8 mg, 13% 
yield) as air-sensitive dark red crystals after recrystallization from CH2Cl2/hexane, (ii) an 
orange-yellow eluate (severe tailing) with hexane:toluene (3:1, 40 mL) gave 57 after 
several recrystallizations from toluene:hexane (1:4) (26 mg, 28% yield), (iii) a reddish 
brown eluate with hexane:toluene (1:1, 10 mL) yielded 56 (23mg, 26% yield), and (iv) a 
red eluate with toluene:THF (1:1, 15 mL) afforded unreacted 1 (20mg, 20% recovery). 
Data for 56. 1H NMR (C6D6): δ 4.98 (s, 3H, H1-3), 6.57 – 6.93 (m, 4H, H4-7), 7.03 – 7.72 
(m, 15H, PPh3). 31P{1H} NMR (C6D6): δ 48.6 (s, PPh3). IR (CH2Cl2, cm-1): νCO 1975s, 
1920s, 1744m. FAB+-MS: 566 [M – 4CO]+, 535 [M – Co – 3CO]+, 479 [M – Co – 5CO]+. 
Anal. Calc. (Found) for C32H22O5PCoFe.2C6H5CH3: C, 64.4 (64.1); H, 4.0 (4.2).  
Data for 57. 1H NMR (C6D6): δ 6.96 – 7.05 (m, 18H, PPh3), 7.87 – 7.93 (m, 12H, PPh3). 
31P{1H}NMR (C6D6): δ 55.9 (s, PPh3). IR (CH2Cl2): νCO 1896 s (lit values:242 (THF, cm-1) 
νCO 1900 s). 
Data for 58. 1H NMR (C6D6): δ 4.61 (s, 2H, H2,3), 5.67 (t, 3JHH = 3.3 Hz, 1H, H1), 6.74 – 
6.78 (4-line m, 2H, H4-7, 6.94 – 6.97, 6.98 – 7.01, 7.41 – 7.48 (each m, total 17H, PPh3 
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and H4-7). 31P{1H} NMR (C6D6): δ 65.6 (s, br, PPh3). IR (KBr, cm-1): νCO 1922s. ESI+-
MS: 667 [2M – PPh3]+, 405 [2M – 2PPh3]+. Anal. Calc. (Found) for 
C28H22CoOP.⅛CH2Cl2: C, 71.0 (70.5); H, 4.7 (4.5).  
 
4.4.4.  Reaction of 3 with 48 
To a THF (10 ml) solution of 1 (100 mg, 0.13 mmol) was added NaCo(CO)4 (1 equiv.) 
and the solution was allowed to stir at RT for 24 h. The solvent was removed under 
reduced pressure, and the residue was first extracted with toluene, followed by extraction 
with CH3CN. The toluene extract was concentrated and chromatographed on a silica gel 
column. Elution with hexane:toluene (2:1, 8 mL) gave a yellow eluate of 61 (4 mg, 5 % 
yield). IR (CH2Cl2, cm-1): νCO 2027 and 1970 cm-1; lit. values (CH2Cl2, cm-1):243 2030, 
1970 cm-1. Further elution with hexane:toluene (4:3, 25 mL) afforded an orange-yellow 
eluate which gave 60 (37 mg, 40 % yield) after several recrystallization from 
toluene:hexane (1:4). The CH3CN extract gave [59][Co(CO)4] as a dark brown oil (36 mg, 
30 % yield). 
Data for [59][Co(CO)4]. 1H NMR (CD3CN): δ 4.37 (s, 2H, C5H4), 4.46 (s, 2H, C5H4), 
4.57 (s, 2H, C5H4), 4.61 (s, 2H, C5H4), 5.25 (s, 3H, H1-3), 6.77 – 7.06 (m, 4H, H4-7), 7.18 
– 7.71 (m, 20H, Ph). 31P{1H} NMR (CD3CN): δ 54.8 (s, dppf). IR (CH2Cl2, cm-1): νCO 
1972m, 1889s. FAB+-MS: m/z 799 [M]+, 771 [M-CO]+, 655 [M-CO-Ind]+. FAB--MS: m/z 
171 [Co(CO)4]-. HR-FAB+ MS for C44H35RuP2FeO: m/z 799.0562 (found), 799.0562 
(calcd). 
Data for 60. 1H NMR (C6D6): 4.27 (s, 4H, C5H4), 4.28 (s, 4H, C5H4), 7.02 - 7.88 (m, 20H, 
Ph). 31P{1H} NMR (C6D6): δ 40.8 (s, dppf). IR (CH2Cl2, cm-1): νCO 2007s, 1924m, 1896s. 
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FAB+-MS: m/z 740 [M]+, 712 [M-CO]+, 684 [M-2CO]+, 655 [M-3CO]+. Anal. Calc. 
(Found) for C37H28O3P2FeRu: C, 59.9 (60.1); H, 3.8 (3.8). 
 
4.4.5.  Synthesis of [59]PF6 
Method A: NaPF6 (5 mg, 0.03 mmol) was added into a solution of 3 (20 mg, 0.02 mmol) 
in THF (10 mL). The mixture was subjected to three freeze-pump-thaw cycles, and then 
filled with CO (1 atm). The reaction mixture was stirred at RT for 24 h, during which the 
colour of the solution changed from red to yellow. The mixture was filtered and 
concentrated to ca. 2 mL. Addition of ether (5 mL) at -30 °C for 1 d gave [59]PF6 (20 mg, 
85 % yield). 
Method B: A solution of [7]PF6 (20 mg, 0.02 mmol) in THF (10 mL) was degassed by 
three freeze-pump-thaw cycles, and then filled with CO (1 atm). The reaction mixture 
was stirred at RT for 24 h, filtered and then concentrated to ca. 2 mL. Addition of ether (5 
mL) at -30 °C for 1 d gave [59]PF6 (17 mg, 86 % yield). 
Data for [59]PF6. 1H NMR (CD3CN): δ 4.37 (s, 2H, C5H4), 4.46 (s, 2H, C5H4), 4.57 (s, 
2H, C5H4), 4.61 (s, 2H, C5H4), 5.24 (s, 3H, H1-3), 6.76 – 7.06 (m, 4H, H4-7), 7.18 – 7.71 
(m, 20H, Ph). 31P{1H} NMR (CD3CN): 54.8 (s, dppf), -142.9 (septet, PF6). IR (THF, cm-
1): νCO 1973s. FAB+-MS: m/z 799 [M]+, 771 [M-CO]+, 655 [M-CO-Ind]+. FAB--MS: m/z 
145 [PF6]-. Anal. Calc. (Found) For C44H35F6FeOP3Ru: C, 56.0 (56.0); H, 3.7 (3.7).  
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Chapter 5: Synthesis of tethered [IndRu(II)] complexes 
5.1 Introduction 
Compared to their parent Cp/Ind systems, organometallic complexes containing 
tethered cyclopentadienyl (η5-C5H5; Cp) or indenyl (η5-C9H7; Ind) ligands can exhibit 
quite different properties, which include reactivity, 246  stability, 247 and catalytic 
activity.141,248 The result is that much research effort has been directed at the synthesis of 
ligands with variations on the Cp ring, the spacer, the heteroatom and its 
substituent.180,246e, 249 , 250 , 251 , 252  The rigidity of tethered Cp/Ind ligands imparts planar 
chirality upon complexation.253 The benzenoid ring in a tethered indenyl ligand can also 
lead to planar chirality, which can in turn control the chirality at the metal centre upon 
complex formation.179,254 
 Half-sandwich ruthenium complexes containing phosphine ligands are known to 
possess high catalytic activity for many reactions,52,255 and many examples of tethered 
Cp-phosphine (Cp-P) ruthenium(II) complexes have been reported,249 mostly containing 
a monophosphine coligand because the ruthenium precursor is usually RuCl2(PR3)3 
(Scheme 5.1).246b,251,252 It is only fairly recently that routes to tethered Cp-P Ru(II) 























One of the precursors to tethered Cp-P Ru(II) complexes is the dimeric 
ruthenium(IV) complex [(η3,η3-C10H16)RuCl2]2 5.1, which has been reported to undergo 
facile substitution reactions via cleavage of the chloro bridges by 2-e donor ligands.74b,257 
The lability of the bis(allyl) ligand via reductive elimination in the presence of a halogen 
abstractor, e.g. Ag+, in EtOH makes 5.1 a useful precursor to Ru(II) complexes (Scheme 
5.2).258 Subsequently, A. Salzer and co-workers thus, found that dehalogenation can be 
effected without the use of expensive Ag+; refluxing 5.1 in EtOH afforded               
(open-)ruthenocene in high yield with the elimination of HCl, which is neutralized by a 
base such as carbonate (Scheme 5.3(a)). 259 A similar methodology was employed to 
synthesize acetonitrile-solvated tethered Cp-P Ru(II) complexes (Scheme 5.3(b)), and an 
improved method with less complicated work-up was by reacting the open-ruthenocene 
salt [(C7H11)2RuH]BF4 5.2 (Scheme 5.3(c)) with the Cp-P ligand in CH3CN at reflux 
(Scheme 5.3(d)).256 The formal RuIV/RuII reduction was reported in all cases mentioned 
above. The high oxidation state of the Ru center often requires stabilization by anionic 
coordinating ligands; reduction always followed as a consequence of the elimination of 
such ligands.260 
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In comparison to tethered Cp-transition metal complexes, examples of tethered 
indenyl-complexes remain scarce with those of the group 10 metals,141,248 and of Rh, Ir 









A report on Ru(II) complexes with a tethered indenyl ligand containing an amino 
group through constrained coordination has recently appeared (Scheme 5.5).252 The 
relative scarcity of tethered indenyl Ru(II) complexes and the lack of a general synthetic 
route to this class of complexes prompted us to investigate some possible synthetic routes 
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5.2 Results and Discussion 
5.2.1 Synthesis of [(η3,η3-C10H16)RuCl2(κ1P-LH)] (LH = IndH(CH2)2PPh2) 62 and 
its reaction with acid 
The reaction of the Ind-P ligand, IndH(CH2)2PPh2 (LH), with 5.1 over 4 h at 
















In contrast to other η3-allyl ligands,262 the protonation of 62 failed to labilize the 
(bis)allyl ligand. Instead, replacement of a chloride with acetonitrile to give [(η3,η3-
C10H16)RuCl(CH3CN)(κ1P-LH)]CF3SO3 [62a]CF3SO3 was observed (Scheme 5.7). The 
isolation of [62a]CF3SO3 showed that the bis(allyl) ligand is resilient to acid. The ability 
of H+ to dehalogenate the Ru(IV) center is consistent with earlier postulates that C5H6 
(CpH) or C9H8 (IndH) coordinated to Ru via the elimination of HCl (Scheme 5.3(a)).259 
The precipitation of [62a]CF3SO3 from the reaction solution may have inhibited the 






















The 1H NMR spectrum of 62 shows a set of signals for (η3,η3-C10H16) implying 
the presence of plane of symmetry in solution. 31P NMR spectrum shows a signal at δ18.9, 
a typical value for a coordinated phosphine ligand. The 1H NMR spectrum of 
[62a]CF3SO3 shows two sets of signals for (η3,η3-C10H16), indicating a lost of symmetry 
from 62, while the 31P NMR signal has shifted to lower field, i.e. δ 22.2.  
 
Crystallographic studies 
The ORTEP diagrams of 62 and [62a]CF3SO3 are shown in Figure 5.1 and 5.2, 
and selected bond lengths and bond angles are given in Table 5.1. The X-ray structure of 
62 shows that there are two independent molecules and one ether molecule in the 
asymmetric unit while the asymmetric unit of [62a]CF3SO3 contains one molecule of 
[62a]+ and a disordered CF3SO3- anion. The molecular structures of 62 and [62a]+ are 
very similar to other reported bis(allyl) Ru(IV) complexes, e.g. RuCl2(η3,η3-C10H16)P (P 
= Ph2PNHC6H4PPh2, 263  Ph2PNHNHpy 264 ) and RuCl(η3,η3-C10H16)(CH3CN)2. 265  The 
coordination geometries around the Ru center in both 62 and [62a]+ are distorted trigonal 
pyramidal, with bis(allyl) ligand and the κ1P-LH ligand occupying the equatorial 
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positions. It was noticed that the phosphorous atom lies almost equidistant from D1 and 
D2, the centroids of atoms C(12), C(13), C(14) and C(17), C(18), C(19), respectively, in 
62, while the phosphorous atom is closer to D2 than to D1 in [62a]+. The lack of 
symmetry in the bis(allyl) ligand in [62a]+ is consistent with the 1H NMR spectroscopic 
data.  
 
Figure 5.1. ORTEP diagram (50 % probability thermal ellipsoids, hydrogen atoms 
and Ph rings has been omitted for clearity) of 62. 
 
Figure 5.2. The ORTEP diagram (50 % probability thermal ellipsoids, hydrogen atoms 
and Ph rings has been omitted for clearity) of [62a]+. 
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Table 5.1. Selected bond lengths (Å) and angles (°) for 62 and [62a]+. 
Bond length (Å) 62 [62a]+ Bond angle (°) 62 [62a]+ 
Ru(1) – P(1) 2.4144 (11) 2.4050 (16) D(1) –Ru(1) – D(2)* 130.51 130.87 
Ru(1) – Cl(1) 2.4179 (11) 2.4094 (18) D(1) – Ru(1) – Cl(1) 92.54 94.08 
Ru(1) – X X = Cl(2), 2.4331 (11) X = N(1), 2.031 (6) D(1) – Ru(1) – X X = Cl(2), 88.23 X = N(1), 88.03 
Ru(1) – C(12) 2.216 (4) 2.274 (6) D(1) – Ru(1) – P(1) 114.63 115.08 
Ru(1) – C(13) 2.295 (4) 2.299 (6) D(2) – Ru(1) – Cl(1) 88.02 89.77 
Ru(1) – C(14) 2.280 (4) 2.252 (6) D(2) – Ru(1) - X X = Cl(2), 92.01 X = N(1), 91.72 
Ru(1) – C(17) 2.277 (4) 2.201 (6) D(2) – Ru(1) – P(1) 114.85 114.04 
Ru(1) – C(18) 2.275 (4) 2.273 (7) Cl(1) – Ru(1) – X X = Cl(2), 174.00 (4) X = N(1), 175.65 (15) 
Ru(1) – C(19) 2.231 (4) 2.278 (6) Cl(1) – Ru(1) – P(1) 89.71 (4) 84.42 (6) 
Ru(1) – D(1) 2.011 2.025 P(1) – Ru(1) – X X = Cl(2), 84.56 (4) X = N(1), 91.24 (15) 
Ru(1) – D(2) 2.006 2.003 Ru(1) – P(1) – C(1) 115.82 (15) 114.6 (2) 
C(3) – C(4) 1.326 (7) 1.317 (11) C(2) – C(1) – P(1) 115.2 (3) 115.3 (4) 
C(3) – C(11) 1.469 (6) 1.501 (12)    
C(4) – C(5) 1.490 (7) 1.567 (16)    
C(5) – C(6) 1.505 (8) 1.473 (18)    
* D(1) and D(2) are the centroids of atoms C(12), C(13), C(14) and C(17), C(18), C(19) respectively.  
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5.2.2. One-pot synthesis of tethered [IndRu(II)] 
An attempt with [(C7H11)2RuH]BF4 5.2 (Scheme 5.3(c)) as the starting material to 
give tethered [(η5,κ1P-L)Ru(II)] (L = Ind(CH2)2PPh2) complex was unsuccessful; an 
inseparable mixture was obtained. Since the formation of tethered Cp/Ind-P complexes 
has been proposed to begin with the coordination of the phosphorus moiety of the 
difunctional ligand,256b,266 we thought that 62, with a coordinated κ1P-LH ligand, may 
serve as a versatile precursor to tethered [(η5,κ1P-L)Ru(II)] complexes via reductive 
elimination of the bis(allyl) ligand in the presence of 2- or 4-e donor ligands and a base or 


















Indeed, we found that the reaction of 62 with 1,5-cyclooctadiene (COD), in the 
presence of AgPF6, in EtOH solution proceeded at room temperature to give [(η5,κ1P-
L)Ru(COD)]PF6 [63]PF6 in high yield. The same result was obtained by refluxing 62 
with COD in EtOH, in the presence of finely-ground Na2CO3 and KPF6 (Scheme 5.9(a)). 
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(a) Either (i) AgPF6 in EtOH, 4 h at RT, or (ii) Na2CO3, KPF6 in EtOH, 4 h at reflux. 
(b, d) Na2CO3 in EtOH, 4 h at reflux. 
(c) Na2CO3, KPF6 in EtOH, 4 h at reflux.
 
In spite of the successful synthesis of [63]PF6, however, the use of Ag+ is only 
feasible in this reaction, as Ag+ was found to interfere in reactions involving other 2-e or 
4-e donor ligands. Instead, Na2CO3 in EtOH was found to be a more useful reagent, as it 
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is compatible with different classes of incoming ligands, e.g. phosphine donors like PPh3, 
nitrogen donors like 2,2’-bipyridyl and oxygen donors like [(CH3CO)2CH] (acac). Thus, 
complex 62 reacted with PPh3 in the presence of 1 equivalent of Na2CO3 to give a 
mixture of [(η5,κ1P-L)Ru(PPh3)Cl] 64 and [(η5,κ1P-L)Ru(PPh3)H] 65 (Scheme 5.9(b)). 
Presumably the formation of 65 is due to the presence of OEt-, generated from Na2CO3 
and EtOH. In fact, its formation can be hindered by reducing the amount of Na2CO3 to 
0.5 equivalent, or avoiding its use altogether, to give 64 in higher yield. The formation of 
64 in the absence of base indicates that 64 is inert to HCl, a strong acid generated as a by-
product. A separate reaction shows that complex 65 can be obtained by refluxing 64 with 
NaOMe in high yield. 
 The reaction of 62 with 2,2’-bipyridyl in the presence of Na2CO3 and KPF6 led to 
the formation of [(η5,κ1P-L)Ru(2,2’-bipyridyl)]PF6 [66]PF6 and [(κ1P-LH)Ru(2,2’-
bipyridyl)2Cl]PF6 [67]PF6 in ca. 2:1 ratio (Scheme 5.9(c)). The LH retains its 
coordination mode as κ1P- in complex [67]PF6, with the coordination of two 2,2’-
bipyridyl ligands. As the ratio of 62 and 2,2’-bipyridyl used was approximately 1:1, the 
balance of ruthenium may be accounted for by the presence of other uncharacterized non-
bipyridyl ruthenium products. It is not clear to us why a different molar ratio (1:2) of 
[66]PF6 and [67]PF6 was obtained when Li2CO3 was used. The nature of the base 
employed seemed to affect the yield of the products, as also observed by A. Salzer and 
co-workers.259 An attempt to increase the yield of [66]PF6 using a high dilution method 
was futile as the reaction gave the same product mixture. The reaction of 62 with a four-
fold excess of 2,2’-bipyridyl did not improve the yield of [67]PF6, but led to displacement 
of all the ligands around the Ru center, giving [Ru(2,2’-bipyridyl)3](PF6)2 as the sole 
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product. These reactions indicate the easy substitution of the bis(allyl) and the Cl- ligands 
from 62 in EtOH. 
 The reaction of 62 with acetyl acetone (1:1) in the presence of two equivalents of 
Na2CO3 gave many products, among which complex [(η2,κ1P-LH)Ru(acac)2] 68 was 
isolated in 38% yield (Scheme 5.9(d)). In complex 68, the Ru(II) center is coordinated to 
two chelating acac ligands and an LH ligand in a hitherto unknown η2,κ1P- coordination 
mode. It was found that using two equivalents of acetyl acetone to 62 in the presence of 
three equivalents of Na2CO3 gives a cleaner product mixtue, leading to an increased yield 
of 68 (78 %). The relatively fast chloride abstraction by Na(acac) probably inhibited the 
slower deprotonation of the LH ligand. Hence, the coordination of the “-ene” of the LH 
ligand stabilized the Ru complex by satisfying the 18-e rule. 
 Attempts to synthesize (η5,κ1P-L)Ru(II) complex with labile CH3CN ligands were 
in vain as refluxing 62 in solvent mixture of EtOH/CH3CN, Na2CO3 and KPF6 only led to 




The 1H NMR signals for the coordinated COD in [63]PF6 appear in the range δ 
0.66 – 2.20 for CH2 and δ 3.52 – 4.04 for CH, while the protons of the ethylene side arm 
resonate as 2 multiplets ranging from δ 2.32 – 2.89. The 31P signal appears at δ 67.7, 
which lies in the same low field range for the reported tethered (η5,κ1P-
Cp(CH2)2PPh2)Ru(CH3CN)2PF6 [δ(31P) at 52 – 88].256b 
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The 1H NMR spectrum of 64 shows 5 multiplets ranging from δ 1.42 – 3.22, 
assigned to the protons of the ethylene side arm of the L ligand. Based on 2D-COSY 
NMR measurement, the two singlets at δ 2.26 and 4.87 are assignable to the protons on 
the 5-membered ring of L. We noted the upfield shift of the protons on Cp ring of the 
indenyl ligand. A similar upfield shift has been reported in tethered indenyl Ni complex, 
[(η5-Ind(CH2)2(CH=CH2))Ni(PPh3)Cl], where the chemical shift of the proton appears at 
δ 3.56.2,141 This is consistent with the X-ray structural analysis (see Figure 5.3) which 
shows the indenyl proton, H12, pointing directly towards the center of the phenyl ring 
and hence subjected to shielding by the ring current of the phenyl ring of PPh3. 
   
Figure 5.3.  Molecular structure of 64. 
The 1H NMR spectrum of 65 shows a characteristic hydride signal at δ -13.9 as a 
doublet of a doublet. The signals of protons on Cp ring of indenyl ligand appear at δ 4.78 
and 5.48. The absence of the upfield shift of the proton signal implies a different 
orientation of 65 as compared to 64. It was proposed by Faller and Crabtree that the 
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benzenoid ring of the η5-indenyl ligand will tend to place itself anti to the highest trans-
influence hydridic ligand,160 therefore the proton on the Cp ring of the indenyl ligand no 
longer points towards the center of the phenyl ring of PPh3. Unfortunately, the crystal 
structure of 65 was not obtained. The orientation of 64 and proposed orientation of 65 are 
shown in Figure 5.4. A similar observation in the conformational difference of [(η5-
Ind)Ru(PPh3)(PR2H)X] (R = Cy, Ph; X = Cl vs. R = Cy, Ph; X = H) has also been 
reported by Rosenberg and co-workers. The proposed orientation of 65 is based on the 
reported structure of this complex for R = Cy, Ph; X = H.268 
 
Figure 5.4. Orientation of 64 and 65 
The coordination mode of L and LH in [66]PF6 and [67]PF6, respectively, can be 
determined by their resonances in the 1H NMR spectra. The protons of Cp ring of 
(η5,κ1P-L) appear as a doublet and a triplet at δ 5.21 and 5.53, indicating the aromaticity 
at the Cp ring; while the protons of the 5-membered ring of (κ1P-LH) appear at δ 6.10 for 
the “–ene” proton and at δ 3.23 for the sp3-protons. The 31P NMR spectrum also gave a 
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very significant insight to the coordination mode of the ligand as the 31P signal of 
(η5,κ1P-L) resonates at δ 61.7, which is at much lower field than the 31P signal of (κ1P-
LH) (δ 39.5). Other spectroscopic data also agree with the proposed formulation of 
[66]PF6 and [67]PF6. 
The resonances of the coordinated acac ligands in 68 appear at δ 1.34, 1.43, 1.68 
and 1.80 for the four chemically-inequivalent Me groups, while the allylic protons appear 
at δ 4.29 and 4.96. The protons on the ethylene side arm appear as 4 sets of multiplets 
ranging from δ 2.33 to δ 2.84. The “-ene” proton of the 5-membered ring on indenyl 
ligand (H1) appears as a doublet at δ 5.15 with 3JHH = 3.7 Hz (coupling between H1 and 
H2), while the sp3-protons H2 appears as a doublet of a doublet at δ 3.39 (3JHH = 3.7 Hz 
and 2JHH = 20 Hz) and a H3 appears as a doublet at δ 3.61 (2JHH = 20 Hz; coupling 
between H2 and H3) (See Figure 5.5 for numbering scheme). The correlation of each 
signal was established using 2D-COSY NMR spectroscopy. There was no coupling 
observed between H3 and H1. This observation was further supported by the X-ray 
structure showing H1 and H3 are almost orthogonal (83.7 ˚), which according to Karplus 
rule, will have minimal transmission of nuclear spin information, and hence no coupling 
was observed. The angle between H2 and H3 is 109.2˚, with geminal coupling constant of 
20 Hz, which is slightly larger than the 2JHH of a typical sp3 protons on a C6 ring with 
angle between the protons ~109 ˚.269 
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Crystallographic studies 
The molecular structure of [63]+ showing the η5,κ1P- coordination mode of L is 
illustrated in Figure 5.6. There is no significant difference between its bond parameters 
and those of its Ind analogue, [(η5-Ind)Ru(COD)(py)]BF4.30b The slip-fold parameters for 
[63]PF6 are: (i) slip distortion (Δ) = 0.122 (7) Å; (ii) hinge angle (HA) = 5.1 ˚ (iii) fold 
angle (FA) = 8.3 ˚, indicating that the indenyl ligand coordinated to the Ru center via a 
distorted η5- mode.12  
 
Figure 5.6. ORTEP diagram (50% probability thermal ellipsoids, hydrogen atoms and Ph 
rings has been omitted for clearity) and selected bond lengths (Å) and angles (o) of [63]+. 
Ru(1) – P(1) = 2.3995 (18); Ru(1) – C(12) = 2.223 (6); Ru(1) – C(19) = 2.214 (6); Ru(1) 
– C(15) = 2.212 (7); Ru(1) – C(16) = 2.221 (7); Ru(1) – C* = 1.911; C* - Ru(1) – C(12) 
= 115.62; C* - Ru(1) – C(15) = 112.24; C* - Ru(1) – C(16) = 141.12; C* - Ru(1) – C(19) 
= 137.55; C* - Ru(1) – P(1) = 107.88; C(15) – Ru(1) – C(16) = 37.2 (2); C(12) – Ru(1) – 
C(19) = 36.4 (3); Ru(1) – P(1) – C(11) = 100.0 (2). 
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Complex 68 was also characterized by single crystal X-ray diffraction. The crystal 
is monoclinic with space group P21/c. The asymmetric unit contains two independent 
tilted molecules, the structures of which are very similar. This is shown in Figure 5.7, 
with selected bond parameters. The Ru(II) center adopts a pseudo-octahedral geometry, 
with coordination to the 4 atoms of 2 acac ligands, a P donor atom, which with O(4) 
occupies equatorial positions, and “ene” C(1)-C(9) taking up the sixth position, which is 
axial and trans to O(3). The bond lengths of Ru(1) – O are similar to other Ru(acac) 
complexes, e.g. Ru(acac)2(C2H4)2,270 except for a longer Ru(1) – O(2) bond, which is 
presumably due to the trans-effect of the P donor atom. The C(1)-C(9) bond length is 
clearly indicative of a double bond, while that of C(1)-C(2) is in the range of a single 
bond. The bond length between Ru(1) – C(1) is comparable to a coordinated C2H4,268 
however Ru(1) – C(9) is slightly longer, which can be explained by the steric 
requirements as C(9) is linked to the ethylene side arm carrying a coordinated PPh2 
moiety. However, Ru(1) – C(9) bond length is comparable to the bond lengths between 
Ru to the “ene” double bond in [(η5-Ind)Ru(PPh3)(η2,κ1P-PPh2(CH2CH=CH2))] 271 . 
Although the coordination mode of (η2,κ1P-LH) is reminiscent of η2,κ1P-
PPh2(CH2CR=CH), this is the first instance that the coordinated “ene” belongs to part of 
the indenyl ligand. 
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Figure 5.7. ORTEP diagram (50% probability thermal ellipsoids, hydrogen atoms 
omitted) and selected bond lengths (Å) and angles (o) of 68. Ru(1) – O(1) = 2.0563(19); 
Ru(1) – O(2) = 2.1067(18); Ru(1) – O(3) = 2.069(2); Ru(1) – O(4) = 2.0670(19); Ru(1) – 
P(1) = 2.2495(8); Ru(1) – C(1) = 2.186(3); Ru(1) – C(9) = 2.252(3); C(1) – C(9) = 
1.392(4); C(1) – C(2) = 1.513(4); O(1) – Ru(1) – O(2) = 90.23(8); O(3) – Ru(1) – O(4) = 
89.53(9); C(1) – Ru(1) – C(9) = 36.53(10). 
 
5.3 Conclusion 
A general, one-pot synthetic route using the bis(allyl)Ru(IV) precursor 62 to 
tethered [(η5,κ1P-L)Ru(II)] complexes containing COD, PPh3 and 2,2’-bipyridyl ligands, 
has been developed. While L adopts the expected η5,κ1P- coordination mode in [63]PF6, 
64, 65 and [66]PF6, it was also found to coordinate either via a κ1P-LH or a hitherto 
unknown η2,κ1P-LH coordination mode in [67]PF6 and 68, respectively.  
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5.4 Experimental 
General experimental as described in section 2.4.  
 NMR spectrum of 68 and 2D-COSY spectra of 64 and 68 (see appendix) were 
recorded on a Bruker 500 FT NMR spectrometer.  













5.4.1.  Synthesis of [(η3,η3-C10H16)RuCl2(κ1P-LH)] (62) 
5.1 (100 mg, 0.16 mmol) was added into an ether solution of LH (106 mg, 0.32 
mmol, 10 mL) and the suspension was stirred, whereupon the colour of the suspension 
changed slowly from purplish red to yellow in 4 h. Yellow solids [(η3,η3-
C10H16)RuCl2(κ1P-LH)]  62 were filtered (93 mg, 45 % yield). The filtrate was 
concentrated to ca. 1 mL and hexane (ca. 5 mL) was added. Yellow microcrystals 62 
were obtained after 1 day at -30 °C as second crop. (73 mg, 35 % yield). Single crystals 
of x-ray diffraction quality were obtained by layering a solution of 62 in CH2Cl2 with 
hexane after 2 days at -30 °C. 
Data for 62. 1H NMR (CD3CN): δ 2.15 (s, 6 H, Me), 2.24 – 2.38 (m, 2 H, 
Ind(CH2)2PPh2), 2.50 – 2.60 (m, 2 H, Ind(CH2)2PPh2), 2.63 – 2.68 (m, 2 H, H4 and H6), 
3.12 – 3.14 (d-liked, 2 H, H2 and H10), 3.29 (s, 2 H, Ind(CH2)2PPh2), 3.39 – 3.45 (m, 2 H, 
H5 and H7), 4.24 – 4.28 (d-liked, 2 H, H1 and H9), 5.12 (br. s, 2 H, H3 and H8) , 6.26 (s, 1 
H, Ind(CH2)2PPh2), 7.10 – 7.21, 7.42 – 7.49, 7.72 – 7.78 and 7.86 – 7.92 (each m, total 14 
H, Ind(CH2)2PPh2). 31P{1H} NMR (CD3CN): δ 18.9 (s, Ind(CH2)2PPh2). IR (ν cm-1, KBr): 
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3055 w, 3002 w, 2975 w, 2908 m, 2586 w, 1433 s, 1384 m, 1202 m, 1099 w, 1022 w, 
964 w, 859 w, 766 vs, 727 s, 695 s, 517 s. FAB+-MS: m/z 636 [M]+, 601 [M-Cl]+, 565 
[M-2Cl]+, 464 [M-C10H16-Cl]+, 429 [M-C10H16-2Cl]+. Anal. Calc. (Found) for 
C33H37Cl2PRu: C, 62.3 (62.1); H, 5.9 (6.0). 
 
5.4.2. Synthesis of [(η3,η3-C10H16)RuCl(CH3CN)(κ1P-LH)]CF3SO3 
[62a]CF3SO3 
HCF3SO3 (9 µL, 0.10 mmol) was slowly injected into a stirred solution of 62 (30 
mg, 0.047 mmol) in ether:CH3CN (30:1, 10 mL), pre-cooled to 0 °C. Yellow solids 
slowly precipitated out of the solution. The suspension was filtered after 1 h to give 
yellow solids [(η3,η3-C10H16)RuCl(CH3CN)(κ1P-LH)](CF3SO3) [62a]CF3SO3 (25 mg, 83 
% yield). Single crystals of X-ray diffraction quality were obtained from a THF solution 
by ether diffusion after 10 days at -30 °C. 
Data for [62a]CF3SO3. 1H NMR (CD3CN): δ 1.67 and 2.27 (each s, 3 H, Me), 2.13 – 
2.26 and 2.35 – 2.49 (each m, 1 H, Ind(CH2)2PPh2), 2.84 and 3.19 (each unresolved d, 1 
H, Ind(CH2)2PPh2), 2.74 – 2.80 (m, 2 H, H4 and H6), 3.03 – 3.15 (m, 2 H, H2 and H10), 
3.28 (s, 2 H, Ind(CH2)2PPh2), 3.51 – 3.73 (m, 2 H, H5 and H7), 4.28 and 4.40 (each d, J = 
9.1 Hz, 1 H, H1 and H9), 4.92 – 4.95 (d-liked, 1 H, H3 or H8), 5.32 – 5.36 (unresolved td, 
1 H, H3 or H8), 6.26 (s, 1 H, Ind(CH2)2PPh2), 6.89 – 6.92, 7.13 – 7.21, 7.42 – 7.44, 7.53 – 
7.61, 7.75 – 7.81 and 7.98 – 8.04 (each m, total 14 H, Ind(CH2)2PPh2). 31P{1H} NMR 
(CD3CN): δ 22.2 (s, Ind(CH2)2PPh2). IR (ν cm-1, KBr): 3061 w, 2976 w, 2925 w, 2865 w, 
2293 w (CN), 1437 m (CF3SO3), 1387 w (CF3SO3), 1265 vs (CF3SO3), 1223 m, 1151 s 
(CF3SO3), 1032 s (CF3SO3), 772 m, 753 m, 699 m, 638 s, 516 m. FAB+-MS: m/z 601 [M-
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CH3CN]+, 565 [M-CH3CN-Cl]+, 429 [M-CH3CN-Cl-C10H16]+. Anal. Calc. (Found) for 
C36H40ClF3NO3PSRu: C, 54.6 (54.6); H, 5.1 (5.2); N, 1.8 (1.7). 
 
5.4.3.  Synthesis of [(η5,κ1P-L)Ru(COD)]PF6 [63]PF6 
Method 1: 
COD (6 μL, 0.063 mmol) was injected into a stirred suspension of 62 (30 mg, 
0.047 mmol) and AgPF6 (24 mg, 0.095 mmol) in EtOH (10 mL). After 2 h at RT, the 
suspension was filtered through celite giving a yellow filtrate. This was evacuated to 
dryness and the residue was crystallized from THF/hexane to obtain orange yellow 
microcrystals of [(η5,κ1P-L)Ru(COD)]PF6 [63]PF6 (27 mg, 84 % yield). 
Method 2: 
A yellow suspension of 62 (10 mg, 0.016 mmol), Na2CO3 (2 mg, 0.019 mmol), 
KPF6 (3 mg, 0.016 mmol) and COD (2 μL, 0.021 mmol) in EtOH (5 mL) was refluxed 
for 4 h. The yellow solids of 62 slowly dissolved upon heating. The solution was 
evacuated to dryness and extracted using THF. The extract was concentrated to ca. 1 mL 
and hexane (ca. 3 mL) was added. Orange yellow microcrystals [(η5,κ1P-L)Ru(COD)]PF6 
[63]PF6 were obtained after 1 day at -30 °C (8 mg, 75% yield). Single crystals of X-ray 
diffraction quality were obtained from a CH2Cl2 solution by layering with hexane after 3 
days at -30 °C. 
Data for [63]PF6. 1H NMR ((CD3)2CO): δ 0.66 – 0.77 (m, 1 H, COD), 1.28 – 1.45 (m, 2 
H, COD), 1.83 – 1.98 (m, 2 H, COD), 2.13 – 2.20 (m, 2 H, COD), 2.32 – 2.54 (m, 2 H, 
Ind(CH2)2PPh2), 2.60 – 2.89 (m, 2 H, Ind(CH2)2PPh2), 3.52 – 3.62 (m, 1 H, COD), 3.74 – 
4.04 (m, 4 H, COD), 5.01 (d, J = 2.5 Hz, 1 H, Ind(CH2)2PPh2), 5.12 (br. m, 1 H, 
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Ind(CH2)2PPh2), 6.70 (t, 1 H, Ind(CH2)2PPh2), 7.00 – 7.03, 7.19 – 7.24, 7.42 – 7.48, 7.56 
– 7.71 and 7.75 – 7.86 (each m, total 13 H, Ind(CH2)2PPh2). 31P{1H} NMR ((CD3)2CO): 
δ 67.7 (s, Ind(CH2)2PPh2), -142.6 (septet, PF6). IR (ν cm-1, KBr): 2922 w, 2850w, 1438 w, 
1169 w, 1096 w, 836 vs (PF6), 751 m, 704 m, 557 m (PF6). FAB+-MS: m/z 537 [M]+, 429 
[M-COD]+. Anal. Calc. (Found) for C31H32F6P2Ru: C, 54.6 (54.7), H, 4.7 (4.8). 
 
5.4.4.  Synthesis of [(η5,κ1P-L)Ru(PPh3)Cl] (64)  
Method 1: 
A yellow suspension of 62 (30 mg, 0.047 mmol), Na2CO3 (5 mg, 0.047 mmol) 
and PPh3 (13 mg, 0.049 mmol) in EtOH (10 mL) was refluxed. The mixture changed 
from yellow suspension to a dark brown solution. After heating for 4 h, the solvent was 
removed under vacuo and the residue was extracted using toluene (2 x 2 mL). The extract 
was concentrated to ca. 2 mL and then loaded onto a silica gel column (2 x 5 cm) 
prepared in n-hexane. Elution gave two fractions: (i) a yellow eluate in toluene (6 - 8 mL), 
which yielded [(η5,κ1P-L)Ru(PPh3)H] 65 (5 mg, 15 % yield). (ii) a dark brown eluate in 
toluene:ether (1:1, 12 – 15 mL), which yielded [(η5,κ1P-L)Ru(PPh3)Cl] 64. 
Recrystallization from ether gave 64 as dark brown crystals (20 mg, 58 % yield). 
Method 2: 
A procedure similar to Method 1 was adopted with using 0.5 equivalent Na2CO3 
(2.5 mg, 0.023 mmol). Dark brown crystals of 64 were obtained in 82 % yield (28 mg), 
while 65 was not formed. 
Data for 64. 1H NMR (C6D6): δ 1.42 – 1.52 and 1.52 – 1.64 (each m, 0.5 H, 
Ind(CH2)2PPh2), 1.89 – 2.06 (m, 1 H, Ind(CH2)2PPh2), 2.26 (s, 1 H, Ind(CH2)2PPh2), 2.78 
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– 2.91 and 3.10 – 3.22 (each m, 1 H, Ind(CH2)2PPh2), 4.87 (s, 1 H, Ind(CH2)2PPh2), 6.64 
– 6.69, 6.79 – 6.83, 6.93 – 7.12 , 7.25 – 7.28, 7.37 – 7.42, 7.68 – 7.72 and 8.02 – 8.07 
(each m, total 29 H, PPh3, Ind(CH2)2PPh2). 31P{1H} NMR (C6D6): δ 49.0 and 52.5 (each 
d, J = 26.7 Hz, PPh3, Ind(CH2)2PPh2). IR (ν cm-1, KBr): 3049 m, 2973 w, 2858 w, 1481 
m, 1433 s, 1353 w, 1278 w, 1185 w, 1091 m, 1028 w, 850 w, 739 s, 697 vs, 529 s, 515 s. 
FAB+-MS: m/z 726 [M]+, 691 [M-Cl]+, 464 [M-PPh3]+, 427 [M-Cl-PPh3]+. Anal. Calc. 
(Found) for C41H35ClP2Ru: C, 67.8 (67.6); H, 4.9 (5.2) 
 
5.4.5.  Synthesis of [(η5,κ1-L)Ru(PPh3)H] (65)  
A brown mixture of 64 (10 mg, 13.8 mmol) and NaOMe (freshly generated from 
Na (2 mg, 87 mmol) in MeOH (5 mL)) in MeOH: THF (1:1, 10 mL) was refluxed for 2 h. 
The colour of the mixture slowly changed from brownish yellow to bright yellow. The 
solvent was evacuated to dryness and the residue extracted with hexane (2 x 4 mL). The 
hexane extract was concentrated to ca. 1 mL. Yellow solids of [(η5,κ1P-L)Ru(PPh3)H] 65 
(5 mg, 52.5 % yield) were collected after 1 day at -30 °C. 
Data for 65. 1H NMR (C6D6): δ -13.9 (dd, 1 H, J = 23.7, 40.3 Hz, Ru-H), 1.72 – 1.89 (m, 
1 H, Ind(CH2)2PPh2), 2.31 – 2.40 and 2.46 – 2.53 (each m, 0.5 H, Ind(CH2)2PPh2), 3.07 – 
3.18, 3.57 – 3.69 (each m, 1 H, Ind(CH2)2PPh2), 4.78 and 5.48 (each s, 1 H, 
Ind(CH2)2PPh2), 6.40 – 6.43, 6.68 – 6.73, 6.76 – 6.84, 6.86 – 6.94, 7.01 – 7.08, 7.11 – 
7.14, 7.51 – 7.54 and 7.91 – 7.97 (each m, total 29 H, PPh3, Ind(CH2)2PPh2). 31P{1H} 
NMR (C6D6): δ 66.1 and 78.8 (each d, J = 23.7 Hz, PPh3, Ind(CH2)2PPh2). IR (ν cm-1, 
KBr): 3050 w, 2922 m, 2853 w, 1477 w, 1433 m, 1264 w, 1090 m, 1029 w, 740 m, 696 s, 
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517 m. FAB+-MS: m/z 691 [M-H]+, 429 [M-PPh3]+. Anal. Calc. (Found) for 
C41H36P2Ru.1.5H2O: C, 68.5 (68.8), H, 5.5 (5.7). 
 
5.4.6. Sythesis of [(η5,κ1P-L)Ru(2,2’-bipyridyl)]PF6 [66]PF6 and [(κ1P-
LH)Ru(2,2’-bipyridyl)Cl]PF6 [67]PF6 
A yellow suspension of 62 (30 mg, 0.047 mmol), 2,2’-bipyridyl (8 mg, 0.051 
mmol), Na2CO3 (5 mg, 0.047 mmol) and KPF6 (9 mg, 0.049 mmol) in EtOH (10 mL) 
was refluxed. A red mixture resulted after 4 h. The solvent was removed under vacuo and 
the residue extracted using THF (2 x 5 mL). The extract was concentrated to ca. 2 mL 
and loaded onto a neutral alumina (activity III) column prepared in THF.  Elution gave 
four fractions: (i) a yellow eluate in THF (2 mL); (ii) a red eluate in THF:acetone (4:1, ca. 
25 mL), which gave [(η5,κ1P-L)Ru(2,2’-bipyridyl)]PF6 [66]PF6 as red oil (20 mg, 58 % 
yield). (iii) a red eluate in THF:acetone (1:1, ca. 8 mL), which gave [(κ1P-LH)Ru(2,2’-
bipyridyl)Cl]PF6 [67]PF6 (11 mg, 25 % yield) as red solids after recrystallization from 
CH2Cl2/Ether (1:10). (iv) a red eluate in MeOH (ca. 1 mL).  
Data for [66]PF6. 1H NMR ((CD3)2CO): δ 2.82 – 3.24 (m, 2 H, Ind(CH2)2PPh2), 3.74 – 
3.94 (m, 2 H, (Ind(CH2)2PPh2), 5.21 (d, J = 2.5 Hz, 1 H, Ind(CH2)2PPh2), 5.53 (t, J = 2.5 
Hz, 1 H, Ind(CH2)2PPh2), 6.82 – 6.94, 7.07 – 7.38, 7.44 – 7.49, 7.54 – 7.70, 7.80 – 7.91, 
8.35 – 8.40 and 9.04 – 9.06 (each m, total 22 H, bipyridyl, Ind(CH2)2PPh2). 31P{1H} 
NMR ((CD3)2CO): δ 61.7 (s, Ind(CH2)2PPh2), -142.6 (septet, PF6). IR (ν cm-1, KBr): 
3054 w, 2923 w, 1436 w, 1265 w, 1161 w, 1096 w, 1029 w, 841 vs (PF6), 745 w, 699 w, 
558 w (PF6), 518 w. FAB+-MS: m/z 585 [M]+, 429 [M-bipyridyl]+. Anal. Calc. (Found) 
for C33H29F6N2P2Ru.C4H8O: C, 55.3 (55.3); H, 4.6 (4.1); N, 3.5 (3.4). 
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Data for [67]PF6. 1H NMR ((CD3)2CO): δ 2.25 – 2.38 (m, 2 H, Ind(CH2)2PPh2), 2.84 – 
2.91 (m, 2 H, Ind(CH2)2PPh2), 3.23 – 3.24 (m, 2 H, Ind(CH2)2PPh2), 6.10 (s, 1 H, 
Ind(CH2)2PPh2), 6.91 – 6.94, 6.96 – 7.01, 7.03 – 7.16, 7.24 – 7.28, 7.38 – 7.47, 7.52 – 
7.57, 7.63 – 7.68, 7.78 – 7.83, 8.00 – 8.18, 8.23 – 8.29, 8.48 – 8.50, 8.64 – 8.70, 9.17 – 
9.19 and 9.84 – 9.86 (each m, total 30 H, bipyridyl, Ind(CH2)2PPh2). 31P{1H} NMR 
((CD3)2CO): δ 39.5 (s, Ind(CH2)2PPh2), -142.6 (septet, PF6). IR (ν cm-1, KBr): 3069 w, 
2921 w, 1459 w, 1439 w, 1162 w, 1096 w, 1025 w, 842 vs (PF6), 763 m, 558 w (PF6), 
521 w. FAB+-MS: m/z 777 [M]+, 449 [M-Ind(CH2)2PPh2]+. Anal. Calc. (Found) for C43-
H36ClF6N2P2Ru.½CH2Cl2: C, 54.1 (54.2); H, 3.9 (4.2); N, 5.8 (6.2)   
 
5.4.7.  Synthesis of [(η2,κ1P-LH)Ru(acac)2] (68) 
A yellow suspension of 62 (30 mg, 0.047 mmol), Na2CO3 (13 mg, 0.12 mmol) 
and acetyl acetone (12 μL, 0.12 mmol) in EtOH (10mL) was refluxed. As the reaction 
proceeded, a yellow mixture resulted. After refluxing for 4 h, the solvent was removed 
under vacuo and the residue extracted using hexane (2 x 5 mL). The extract was 
concentrated to ca. 2 mL and loaded onto a silica gel column (1 x 8 cm) prepared in n-
hexane. Elution gave two fractions: (i) a yellow eluate in hexane:ether (6:1, 2 mL) (ii) a 
yellow eluate in hexane:ether (4:1, 8 mL), which upon recrystallization from hexane 
yielded yellow crystals of [(η2,κ1P-LH)Ru(acac)2] 68 (23 mg, 78 % yield). 
Data for 68. 1H NMR (CD2Cl2): δ 1.34 (s, 3 H, Me), 1.43 (s, 3 H, Me), 1.68 (s, 3 H, Me), 
1.80 (s, 3 H, Me), 2.32 – 2.45 (m, 1 H, Ind(CH2)2PPh2), 2.50 – 2.73 (m, 2 H, 
Ind(CH2)2PPh2), 2.71 – 2.74 and 2.81 – 2.89 (each m, 0.5 H, Ind(CH2)2PPh2), 3.39 (dd, J 
= 3.7, 20 Hz, 1 H, Ind(CH2)2PPh2), 3.61 (d, J = 20 Hz, Ind(CH2)2PPh2), 4.29 and 4.96 
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(each s, 1 H, [(CH3)C(O)]2CH), 5.15 (d, J = 3.7 Hz, Ind(CH2)2PPh2), 6.91 – 6.97, 6.98 – 
7.07, 7.09 – 7.22, 7.24 – 7.30, 7.34 – 7.45 and 7.96 – 8.03 (each m, total 14 H, 
Ind(CH2)2PPh2). 31P{1H} NMR (CD2Cl2): δ 70.4 (s, Ind(CH2)2PPh2). IR (ν cm-1, KBr): 
3054 w, 2915 w, 2872 w, 2835 w, 1581 s (CO), 1513 vs (CO), 1435 m, 1395 s, 1261 w, 
1196 w, 1097 w, 1019 w, 938 w, 855 w, 741 w, 698 m, 603 w, 528 m. FAB+-MS: m/z 
628 [M]+, 528 [M-acac]+, 429 [M-2 acac]+. Anal. Calc. (Found) for 
C33H35O4PRu.¼C6H12: C, 63.8 (63.8); H, 5.9 (5.6). 
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Conclusion 
 This thesis describes investigations on the synthetic, reactivity and structural 
features of some [(Ind)Ru] complexes. The results obtained allow a comparison to be 
made with the well-studied [CpRu] analogues. Thus, similar facile substitution reactivity 
was observed with mono-, di- and tri-phosphine ligands in [(Ind)Ru(PPh3)Cl] 1 and 
successful chloro-subsitutions in [(Ind)Ru(L)(L’)X] (X = Cl, 29: LL’ = dppm, 3: LL’ = 
dppf; X = I, 27: L = L’ = CO) by various donor ligands. In several instances, [(Ind)Ru] 
complexes were found to be less stable than its [CpRu] counterpart on account of the 
easy ring slippage of the Ind ligand. Thus, [(Ind)Ru(Josiphos)Cl] decomposed under 
prolonged heating, while the Cp analogue 6 remained stable. The reaction of 3 with 
HSPym led to the dissociation of the Ind ligand, giving [Ru(dppf)(SPym)2] 16, while the 
similar reaction of [CpRu(dppf)Cl] 2.15 with HSPy led to [CpRu(dppf)(pySH)]BPh4.78 
Dissociation of the Ind ligand was also observed in numerous accounts, i.e. in reactions 
of 3 and 29 with dithiocarbamates, 29 with xanthates and dithiophosphinates, 1 with        
–S(CH2)2PPh2, [(Ind)Ru(CO)2]2 22 with RS-SR (R = py, ncta) and [(Ind)Ru(CO)2I] 27 
with HSbztz. In some cases, the dissociation of the Ind ligand can be averted, e.g. 
reaction of 3 with –S2CNEt2 in CH2Cl2 led to the isolation of [(η5-Ind)Ru(η2-
S2CNEt2)(η1-dppf)] 31a, which represents the first structurally characterized 
mononuclear complex with η1-dppf coordination. In comparison, the reaction of 2.15 
with –S2CNEt2 gave a diruthenium complex bridged by dppf ligand [CpRu(η2-
S2CNEt2)]2(μ2-dppf)] 2.18.79 Chemical-assisted decarbonylation of 27, by using 
Me3NO.2H2O (TMNO.2H2O), before reacting with 1,1-dithiolate ligands has also 
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successfully retained the coordination of the Ind ligand, giving [(η5-Ind)Ru(CO)(η2-
S2CX)] (46: X = OiPr; 47: X = NEt2). 
 In view of the low catalytic activity of [CpRu(CO)2]2, the facile haptotropic shift 
(η5 Æ η3) in Ind ligand was thought to have resulted in the enhanced catalytic activity of 
[(Ind)Ru(L)2(SX)] (L2 = dppm, dppf; SX = S2COR, S2PR2), [(Ind)Ru(CO)2]2 22 and 
[(Ind)Ru(CO)2I] 27 in homo-coupling of PhC≡CH. Although 22 showed similar catalytic 
activity as [CpRu(CO)2]2 in addition of carboxylic acids to PhC≡CH, its ability to slip 
between η5 Æ η3 may have tolerated the addition of acids with different functional 
groups to PhC≡CH. 
 The effect of co-ligands in [(Ind)Ru] complexes on the lability of the Ind ligand 
has also been studied, experimentally and theoretically. The dppf ligand, being the 
strongest σ-donor, seems to stabilize the Ind ligand, while the CO ligand, being the 
strongest electron-withdrawing ligand, appears to labilize the Ind ligand. This was further 
supported by theoretical calculations, which showed that the η5 Æ η3 slippage in [(η3-
Ind)Ru(CO)2(S2COMe)] is an exothermic process with relatively lower activation energy 
than in the phosphine analogues. The strong σ-donation capability of dppf not only 
strengthens the Ind-Ru bond, it also fortifies the Ru-Cl bond, which necessitates the 
assistance of MeOH in labilizing the Cl- ligand. The use of MeOH in the reactions of 3 
with NaSR has generated –OMe from an equilibrium between SR- and MeOH, which 
gave the hydride species, [(Ind)Ru(dppf)H] 13 as a side product. 
 The influence of co-ligands in [(Ind)Ru] complexes has also led to different 
reaction pathways. The reactions of 29 and [(Ind)Ru(CO)2Cl] 50 with [Co(CO)4]- gave 
the expected heterobimetallic complexes, [(η5-Ind)Ru(μ2-dppm)(μ2-CO)2Co(CO)2] 54 
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and [(η5-Ind)Ru(CO)2Co(CO)4] 55, respectively. On the other hand, the reactions of their 
PPh3 and dppf analogues with [Co(CO)4]- led to the isolation of the products derived 
from redox pathways.  
 A one-pot synthetic route has been developed for the transformation of the 
bis(allyl)Ru(IV) precursor [(η3,η3-C10H16)RuCl2(κ1P-LH)] 62 (LH = IndH(CH2)2PPh2) to 
tethered [(η5,κ1P-L)Ru(II)] complexes containing COD, PPh3 and 2,2’-bipyridyl ligands. 
However, deprotonation of LH cannot be effected in all cases, resulting in the isolation of 
[Ru(2,2’-dipyridyl)2Cl(κ1P-LH)]PF6 [67]PF6 and [(η2,κ1P-LH)Ru(acac)2] 68, which gave 
the hitherto unknown coordination mode of LH.  
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(I)  Instrumental set up and procedures for electrochemical and EPR measurements 
 Voltammetric experiments were conducted with a computer controlled Eco 
Chemie μAutolab III potentiostat. Solutions of electrogenerated compounds for the EPR 
experiments were prepared in a divided controlled potential electrolysis cell separated 
with a porosity no. 5 (1.0 - 1.7 μm) sintered glass frit. The working and auxiliary 
electrodes were identically sized Pt mesh plates symmetrically arranged with respect to 
each other with an Ag wire reference electrode (isolated by a salt bridge) positioned to 
within 2 mm of the surface of the working electrode. The electrolysis cell was jacketed in 
a glass sleeve and cooled to 233 K using a Lauda RL6 variable temperature methanol-
circulating bath. The volumes of both the working and auxiliary electrode compartments 
were approximately 20 mL each. The number of electrons transferred during the bulk 
oxidation process was calculated from 
      N = Q/nF     (iv) 
where N = no. of moles of starting compound, Q = charge (coulombs), n = no. of 
electrons and F is the Faraday constant (96485 C mol-1). The electrolyzed solutions were 
transferred under vacuum into cylindrical 3 mm (id) EPR tubes that were immediately 
frozen in liquid N2. EPR spectra were recorded on a Bruker ESP 300e spectrometer in a 
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 (II) Experimental on computational calculation 
The structures of the ruthenium complexes and transition states were fully 
optimized using density functional method B3LYP with the LANL2DZ basis set. Zero-
point energy corrections were computed at the DFT optimized geometries before 
determining the enthalpies, activation energies and vibrational frequencies of the 
ruthenium complexes. As expected, the reaction coordinate of the transition states has 
been determined to have a negative frequency. All calculations were performed using the 
Gaussian 03 series of programs.   
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 (III) Optimization of catalytic reactions of coupling terminal alkynes using 
[(Ind)Ru(CO)2]2 22  [(Ind)Ru(CO)2I] 27 as catalysts. 
Table i. Influence of amount of piperidine on the yield of (E)-1,4-diphenyl-1-buten-3-yne, 
II 
Entrya Reagent ratiob Conc. of HC≡CPh (M) Conc. of 22 (mM) Yield (%) 
1 1 : 0.17 7.91 7.91 14.6 
2 1 : 0.33 7.00 7.00 21.0 
3 1 : 0.50 6.27 6.27 26.6 
4 1 : 0.67 5.69 5.69 53.3 
5 1 : 0.83 5.20 5.20 98.8 
6 1 : 1.00 4.79 4.79 75.0 
7 1 : 1.17 4.44 4.44 65.5 
8 1 : 1.25 4.28 4.28 69.8 
9 1 : 1.33 4.14 4.14 91.9 
10 1 : 1.50 3.87 3.87 94.8 
11 1 : 1.67 3.64 3.64 94.2 
12 1 : 2.00 3.26 3.26 85.7 
13 1 : 2.50 2.80 2.80 91.9 
14 1 : 3.33 2.27 2.27 88.8 
15 1 : 6.67 1.31 1.31 85.5 
a Catalyst loading was kept at 0.1 mol %. 
b Molar ratio of HC≡CPh : piperidine. 
 
























0.17 0.50 0.83 1.17 1.33 1.67 2.50 6.67
no. of equiv. of piperidine w.r.t. PhCCH  
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Table ii. Influence of amount of piperidine on the yield of II, with 5.20 mM of 22 and 
5.20M of HC≡CPh 
Entry Reagent ratioa Volumne of toluene added (mL) Yeld (%) 
1 1 : 0.05 0.50 4.0 
2 1 : 0.10 0.44 8.9 
3 1 : 0.25 0.35 10.9 
4 1 : 0.50 0.20 26.7 
5 1 : 0.75 0.05 75.6 
6 1 : 0.83 - 98.8 
a Molar ratio of HC≡CPh : piperidine. 
 
Table iii. Influence of amount of piperidine on the yield of II 
Entrya Reagent ratiob Conc. of HC≡CPh (M) Conc. of 27 (x10-2 M) Yield (%) 
1 1 : 0.17 7.92 3.96 18.9 
2 1 : 0.33 7.00 3.50 41.1 
3 1 : 0.50 6.28 3.14 76.1 
4 1 : 0.83 5.20 2.60 74.5 
5 1 : 1.12 4.44 2.22 72.5 
6 1 : 1.67 3.64 1.82 72.7 
a Catalyst loading was kept at 0.5 mol %. 
b Molar ratio of HC≡CPh : piperidine. 
 
 


















0.17 0.33 0.50 0.83 1.17 1.67
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Table iv. Influence of catalyst loading on the yield of II, with molar ratio of HC≡CPh : 
piperidine kept at 1 : 0.50 
Entrya Catalyst loadingb Conc. of 27c Yield (%) 
1 0.1 3.96 23.2 
2 0.3 3.50 37.1 
3 0.5 3.14 76.1 
4 0.7 2.60 74.9 
5 1.0 2.22 75.5 
a Concentration of HC≡CPh was kept at 6.28 M. 
b Catalyst loading in mol %. 





(i) Optimization of catalytic reactions of coupling terminal alkynes using 22 as 
catalyst. 
Complex 22 (2.5 mg, 0.1 mol % with respect to PhC≡CH), phenylacetylene 
(0.505 mL, 6 mmol) and piperidine (0.076 mL, 1 mmol) were added into a 5-mL screw-
capped vial and the reaction mixture was heated for 24 h at 110 °C. After the reaction 
mixture was cooled to room temperature, an aliquot (0.100 mL) was measured using a 
micro-syringe and diluted with acetone (ca. 0.280 – 0.300 mL) and were analyzed using 
GC-FID. Nonane (0.025 - 0.030 mL) was added as an internal standard for quantification 
of the product. The same procedure repeated using different amount of piperidine (1 - 10, 
12, 15, 20 and 40 mmol), with all the other quantities being kept constant. 
The same procedure was repeated using complex 22 (2.5 mg, 0.1 mol %, 5.20 
mM) and HC≡CPh (0.51 mL, 4.59 mmol, 5.20 M) with varying amounts of piperidine 
(0.05, 0.10, 0.25, 0.50, 0.75 equiv. with respect to HC≡CPh). The total volume of the 
reaction mixtures was kept constant by adding toluene (0.05 - 0.50 mL).  
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(ii) Optimization of catalytic reactions of coupling terminal alkynes using 27 as 
catalyst. 
Complex 27 (1.5 mg, 0.1 mol %), phenylacetylene (0.400 mL, 6 mmol) and 
piperidine (0.060 mL, 1 mmol) were added into a 5 mL screw-capped vial and the 
reaction mixture was heated for 24 h at 110°. After the reaction mixture was cooled to 
room temperature, an aliquot (0.100 mL) was measured using a micro-syringe and diluted 
with acetone (ca. 0.280 – 0.300 mL) and were analyzed using GC-FID. Nonane (0.025 - 
0.030 mL) was added as an internal standard for quantification purposes. The same 
procedure repeated using different amount of catalyst (0.1 – 1.0 mol %), with all else kept 
constant. 
The same procedure was repeated using complex 27 (7.3 mg, 0.5 mol %), 
phenylacetylene (0.400 ml, 6 mmol) under the same conditions but with varying amount 
of piperidine (1.32, 2.33, 3.14, 4.34, 5.18, 6.07 M). 
Employing the same general procedure, phenylacetylene (0.400 ml, 6 mmol) and 
piperidine (0.180 ml, 3 mmol) were mixed and heated with varying amount of catalyst 
(0.1, 0.3, 0.5, 0.7 and 1.0 mol %). 
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(V) 2D COSY 1H NMR spectrum of 68 
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 (VI) Data collection and processing parameters 
Compound 3  4  R-6 8 9 
Formula C43H35ClFeP2Ru C51.5H49Cl3F6P4Ru C43H54ClFeO0.50P2Ru C44H37Cl2FeN3P2Ru C51.50H46Cl5FeN3O4P2Ru 
Molecular Weight 806.02 1113.21 833.17 897.53 1167.02 
Space group  P2(1)/c P-1 P212121 P2(1)/n P2(1)/c 
Crystal system Monoclinic Triclinic Orthorhombic Monoclinic Monoclinic 
Unit cell dimensions      
a (Å) 11.5291 (5) 12.5364 (5) 9.546 (2) 11.3220 (3) 17.8241 (14) 
b (Å) 29.8651 (15) 13.2396 (5) 20.204 (4) 14.5824 (3) 11.6367 (10) 
c (Å) 11.3638 (5) 15.9901 (6) 21.200 (4) 23.3452 (5) 25.689 (2) 
α (°) 90 98.356 (1) 90 90 90 
β (°) 118.9740 (10) 103.723 (1) 90 96.5650 (10) 103.167 (2) 
γ (°) 90 92.325 (1) 90 90 90 
Cell Volume (Å 3) 3423.0 (3) 2543.08 (17) 4088.9 (15) 3829.06 (16) 5188.2 (7) 
Z 4 2 4 4 4 
Dcalc (g cm-3) 1.564 1.454 1.353 1.557 1.494 
Absorption coefficient (mm-
1) 
1.069 0.648 0.897 1.034 0.937 
F(000) electrons 1640 1134 1732 1824 2372 
Crystal size (mm3) 0.28 x 0.14 x 0.08 0.22 x 0.12 x 0.04 0.30 x 0.22 x 0.10 0.34 x 0.20 x 0.10 0.32 x 0.18 x 0.14 
θ range for data collection 
(°) 
2.02 to 27.50 2.20 to 26.37 2.02 to 30.51 2.10 to 26.37 2.11 to 26.37 
Index ranges -12 ≤ h ≤ 14 
-28 ≤ k ≤ 38 
-14 ≤ l ≤ 14 
-15 ≤ h ≤ 15 
-16 ≤ k ≤ 16 
0 ≤ l ≤ 19 
-13 ≤ h ≤ 13 
0 ≤ k ≤ 28 
0 ≤ l ≤ 30 
-14 ≤ h ≤ 14 
0 ≤ k ≤ 18 
0 ≤ l ≤ 29 
-22 ≤ h ≤ 21 
0 ≤ k ≤ 14 
0 ≤ l ≤ 32 
Reflections collected 24177 36189 61668 35653 42001 
Indenpendent reflections 7849 10372 11860 7793 10631 
Max. and min. transmission 0.9194 and 
0.7540 
0.9745 and 0.8705 0.9156 and 0.7746 0.9037 and 0.7201 0.8800 and 0.7537 
Data/restraints/parameters 7849 / 0 / 433 10372 / 18 / 612 11860 / 2 / 434 7793 / 0 / 478 10631 / 28 / 625 
GoF 1.095 1.038 1.199 1.056 1.137 
Final R indices [I > 2σ (I)] R1 = 0.0491 
wR2 = 0.0981 
R1 = 0.0648 
wR2 = 0.1862 
R1 = 0.0484 
wR2 = 0.1292 
R1 = 0.0450 
wR2 = 0.1091 
R1 = 0.0881 
wR2 = 0.2225 
R indices (all data) R1 = 0.0649 
wR2 = 0.1037 
R1 = 0.0845 
wR2 = 0.2032 
R1 = 0.0535 
wR2 = 0.1322 
R1 = 0.0569 
wR2 = 0.1159 
R1 = 0.1148 
wR2 = 0.2373 
Largest diff. Peak and hole 
(e. Å -3) 
0.738 and -0.500 2.127 and -0.421 1.004 and -0.498 1.345 and -1.054 1.925 and -1.013 
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Compound 12 13 17 [18]Cl [21]2+ 
Formula C50.50H44Cl2FeO0.50P2RuS C43H36FeP2Ru C58H55FeNO2P2RuS2 C47H43Cl3FeN2OP2RuS2 C82H76Cl8F12Fe2N6O4P6Ru2S4 
Molecular Weight 980.68 771.58 1081.01 1041.16 2348.99 
Space group (crystal 
system) 
Fdd2 P21/n P-1 P21/n P21/n 
Crystal system Orthorhombic Monoclinic Triclinic Monoclinic Monoclinic 
Unit cell dimensions      
a (Å) 27.452 (3) 11.8603 (7) 12.1349 (15) 11.5588 (4) 14.3364 (8) 
b (Å) 56.029 (7) 15.3521 (10) 12.3110 (16) 15.0780 (6) 16.5555 (10) 
c (Å) 11.6643 (14) 18.9672 (12) 16.970 (2) 25.8460 (11) 20.5429 (12) 
α (°) 90 90 77.510 (2) 90 90 
β (°) 90 98.300 (2) 78.613 (2) 93.444 (2) 99.126 (2) 
γ (°) 90 90 87.454 (2) 90 90 
Cell Volume (Å 3) 17941 (4) 3417.4 (4) 2426.5 (5) 4496.4 (3) 4814.1 (5) 
Z 16 4 2 4 2 
Dcalc (g cm-3) 1.452 1.500 1.480 1.538 1.620 
Absorption coefficient 
(mm-1) 
0.933 0.991 0.808 1.040 1.085 
F(000) electrons 8016 1576 1116 2120 2360 
Crystal size (mm3) 0.36 x 0.12 x 0.10 0.26 x 0.14 x 0.06 0.36 x 0.20 x 0.10 0.14 x 0.04 x 0.04 0.40 x 0.40 x 0.26 
θ range for data collection 
(°) 
2.08 – 26.37 2.17 – 26.37 1.25 – 27.50 1.56 – 24.00 1.59 – 27.50 
Index ranges 0 ≤ h ≤ 34 
0 ≤ k ≤ 70 
-14 ≤ l ≤ 14 
-14 ≤ h ≤ 14 
0 ≤ k ≤ 19 
0 ≤ l ≤ 23 
-15 ≤ h ≤ 15 
-15 ≤ k ≤ 15 
-22 ≤ l ≤ 22 
-13 ≤ h ≤ 13 
-17 ≤ k ≤ 13 
-29 ≤ l ≤ 29 
-18 ≤ h ≤ 17 
-19 ≤ k ≤ 21 
-26 ≤ l ≤ 16 
Reflections collected 60968 27911 30448 23703 33503 
Indenpendent reflections 9164 6985 11092 7068 11017 
Max. and min. 
transmission 
0.9125 – 0.7300 0.9429 – 0.7827 0.9236 – 0.7597 0.9596 – 0.8681 0.7656 – 0.6707 
Data/restraints/parameters 9164/3/520 6985/0/428 11092/38/604 7068/3/537 11017/8/604 
GoF 1.203 1.053 1.050 1.172 1.072 
Final R indices [I > 2σ 
(I)] 
R1 = 0.0440 
wR2 = 0.1091 
R1 = 0.0465 
wR2 = 0.0927 
R1 = 0.0531 
wR2 = 0.1335 
R1 = 0.0934 
wR2 = 0.1844 
R1 = 0.0631 
wR2 = 0.1460 
R indices (all data) R1 = 0.0462 
wR2 = 0.1102 
R1 = 0.0640 
wR2 = 0.0994 
R1 = 0.0634 
wR2 = 0.1390 
R1 = 0.1251 
wR2 = 0.1980 
R1 = 0.0880 
wR2 = 0.1574 
Largest diff. Peak and 
hole (e. Å -3) 
0.954 and -0.522 0.618 and -0.443 1.709 and -1.262 1.117 and -1.064 1.972 and -0.607 
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Compound 31a 33 35 37 38 
Formula C54H60FeNO1.50P2RuS2 C37H46Cl4N2P2RuS4 C51H51Cl4FeOP2RuS2 C34H38Cl2O2P2RuS4 C51H53FeOP3RuS2 
Molecular Weight 1030.01 951.81 1104.70 840.79 995.88 
Space group (crystal system) P-1 P-1 P-1 P21/C P-1 
Crystal system Triclinic Triclinic Triclinic Monoclinic Triclinic 
Unit cell dimensions      
a (Å) 13.7226 (9) 10.933 (3) 11.6305 (7) 11.2026 (6) 11.3272 (14) 
b (Å) 13.7314 (9) 13.290 (4) 14.5322 (8) 17.0060 (8) 13.4646 (17) 
c (Å) 14.4562 (9) 17.157 (5) 15.8226 (9) 20.4750 (10) 16.962 (2) 
α (°) 75.104 (2) 89.665 (6) 104.580 (1) 90 105.351 (3) 
β (°) 69.530 (2) 71.576 (6) 109.823 (1) 102.5690 (10) 94.667 (3) 
γ (°) 84.632 (2) 67.534 (5) 95.273 (1) 90 99.352 (3) 
Cell Volume (Å 3) 2466.2 (3) 2166.9 (11) 2388.2 (2) 3807.2 (3) 2440.4 (5) 
Z 2 2 2 4 2 
Dcalc (g cm-3) 1.387 1.459 1.536 1.467 1.355 
Absorption coefficient (mm-1) 0.790 0.904 1.036 0.885 0.826 
F(000) electrons 1070 976 1130 1720 1028 
Crystal size (mm3) 0.29 x 0.10 x 0.04 0.38 x 0.30 x 0.30 0.32 x 0.24 x 0.11 0.30 x 0.18 x 0.09 0.28 x 0.20 x 0.12 
θ range for data collection (°) 2.11 – 26.37 2.09 – 29.95 2.17 – 29.69 1.57 – 27.50 2.09 – 26.37 
Index ranges -16 ≤ h ≤ 17 
-16 ≤ k ≤ 17 
0 ≤ l ≤ 18 
-14 ≤ h ≤ 14 
-17 ≤ k ≤ 17 
0 ≤ l ≤ 23 
-16 ≤ h ≤ 14 
-20 ≤ k ≤ 18 
0 ≤ l ≤ 21 
-13 ≤ h ≤ 14 
-22 ≤ k ≤ 22 
-24 ≤ l ≤ 26 
-14 ≤ h ≤ 14  
-16 ≤ k ≤ 16 
0 ≤ l ≤ 21 
Reflections collected 33018 30692 33852 26706 31598 
Indenpendent reflections 10064 11466 12251 8739 9971 
Max. and min. transmission 0.9691 – 0.8033 0.7732 – 0.7251 0.8945 – 0.7327 0.9246 – 0.7772 0.9074 – 0.8017 
Data/restraints/parameters 10064/15/577 11466/13/473 12251/4/555 8739/4/423 9971/26/571 
GoF 1.167 1.035 1.099 1.111 1.173 
Final R indices [I > 2σ (I)] R1 = 0.0728 
wR2 = 0.1325 
R1 = 0.0510 
wR2 = 0.1259 
R1 = 0.0484 
wR2 = 0.1162 
R1 = 0.0577 
wR2 = 0.1211 
R1 = 0.0861 
wR2 = 0.2272 
R indices (all data) R1 = 0.1051 
wR2 = 0.1434 
R1 = 0.0640 
wR2 = 0.1359 
R1 = 0.0540 
wR2 = 0.1203 
R1 = 0.0811 
wR2 = 0.1294 
R1 = 0.1024 
wR2 = 0.2371 
Largest diff. Peak and hole (e. 
Å -3) 
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Compound 42 43   45 47 
Formula C47H41Cl2P3RuS2 C52H48Cl6P4RuS4 C10H7IORu C15H17NORuS2 
Molecular Weight 934.80 1238.79 371.13 392.49 
Space group (crystal system) P21/C P-1 Pnma P21/c 
Crystal system Monoclinic Triclinic Orthorombic Monoclinic 
Unit cell dimensions     
a (Å) 11.4645 (6) 11.7710 (16) 19.462 (2) 11.6373 (9) 
b (Å) 44.244 (2) 11.8654 (16) 9.5125 (12) 7.1854 (5) 
c (Å) 8.3165 (5) 20.135 (3) 19.7207 (15) 19.7207 (15) 
α (°) 90 89.300 (3) 90 90 
β (°) 90.321 (2) 81.422 (3) 90 103.900(2) 
γ (°) 90 81.804 (3) 90 90 
Cell Volume (Å 3) 4218.3 (4) 2752.3 (6) 1999.2 (4) 1600.7 (2) 
Z 4 2 8 4 
Dcalc (g cm-3) 1.472 1.495 2.466 1.629 
Absorption coefficient (mm-1) 0.745 0.880 4.611 1.234 
F(000) electrons 1912 1260 1376 792 
Crystal size (mm3) 0.20 x 0.16 x 0.10 0.30 x 0.28 x 0.10 0.18 x 0.11 x 0.05 0.34 x 0.20 x 0.14 
θ range for data collection (°) 0.92 – 25.00 1.77 – 27.50 2.09 to 26.37° 1.80 to 27.49° 
Index ranges -11 ≤ h ≤ 13 
-52 ≤ k ≤ 52 
-9 ≤ l ≤ 9 
-15 ≤ h ≤ 15 
-15 ≤ k ≤ 15 
-26 ≤ l ≤ 26 
0 ≤ h ≤ 24 
0 ≤ k ≤ 11 
0 ≤ l ≤ 13 
-11 ≤ h ≤ 15 
-9 ≤ k ≤ 9 
-21 ≤ l ≤ 25 
Reflections collected 24515 35732 12455 10941 
Indenpendent reflections 7415 12647 2162 3648 
Max. and min. transmission 0.9292 – 0.8653 0.9172 – 0.7783 0.8022 and 0.4908 0.8462 and 0.6790 
Data/restraints/parameters 7415/0/496 12647/28/620 2162 / 0 / 130 3648 / 0 / 183 
GoF 1.310 1.052 1.335 1.172 
Final R indices [I > 2σ (I)] R1 = 0.0916 
wR2 = 0.1609 
R1 = 0.0655 
wR2 = 0.1449 
R1 = 0.0580,  
wR2 = 0.1698 
R1 = 0.0414,  
wR2 = 0.0985 
R indices (all data) R1 = 0.1113 
wR2 = 0.1674 
R1 = 0.0992 
wR2 = 0.1576 
R1 = 0.0580,  
wR2 = 0.1698 
R1 = 0.0460,  
wR2 = 0.1011 
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Compound 54 56 57 60 58 
Formula C38H29CoO4P2Ru.CH2Cl2 C32H22CoO5PRu C39H30O3P2Ru.CH2Cl2 C37H28FeO3P2Ru C28H22CoOP 
Molecular Weight 856.48 677.47 794.57 739.45 464.36 
Space group (crystal system) Monoclinic Orthorhombic Triclinic Monoclinic Monoclinic 
Crystal system P21/c P212121 P⎯1 P21/c P21/c 
Unit cell dimensions      
a (Å) 10.5588(5) 11.898(2) 9.9667(6) 9.7242(6) 9.1150(5) 
b (Å) 16.9898(8) 15.098(3) 13.6718(8) 16.2461(10) 25.7691(15) 
c (Å) 20.1273(9) 15.376(3) 15.4090(9) 19.9335(12) 10.4250(6) 
α (°) 90 90 63.7400(10) 90 90 
β (°) 94.3280(10) 90 87.6650(10) 95.082(2) 115.9190(10) 
γ (°) 90 90 74.4430(10) 90 90 
Cell Volume (Å 3) 3600.4(3) 2762.2(9) 1806.60(18) 3136.7(3) 2202.4(2) 
Z 4 4 2 4 4 
Dcalc (g cm-3) 1.580 1.629 1.461 1.566 1.400 
Absorption coefficient (mm-1) 1.158 1.246 0.708 1.083 0.870 
F(000) electrons 1728 1360 808 1496 960 
Crystal size (mm3) 0.36 x 0.32 x 0.20 0.25 x 0.08 x 0.07 0.20 x 0.16 x 0.14 0.30 x 0.12 x 0.09 0.30 x 0.10 x 0.08 
θ range for data collection (°) 2.28 to 30.01 2.18 to 26.37 2.34 to 27.50 1.62 to 27.50 1.58 to 27.50 
Reflections collected 33154 20635 23823 18602 15374 
Indenpendent reflections 10167  3171  8273  7202  5057  
Max. and min. transmission 0.8014 and 0.6806 0.9178 and 0.7458 0.9074 and 0.8714 0.9088 and 0.7371 0.9337 and 0.7804 
Data/restraints/parameters 10167 / 7 / 451 3171 / 30 / 361 8273 / 6 / 455 7202 / 0 / 397 5057 / 0 / 280 
GoF 1.070 1.333 1.101 1.037 1.114 
Final R indices [I > 2σ (I)] R1 = 0.0392, 
wR2 = 0.1029 
R1 = 0.0889,  
wR2 = 0.1779 
R1 = 0.0534,  
wR2 = 0.1258 
R1 = 0.0468,  
wR2 = 0.1018 
R1 = 0.0521,  
wR2 = 0.1088 
R indices (all data) R1 = 0.0498, 
wR2 = 0.1154 
R1 = 0.0964, 
wR2 = 0.1807 
R1 = 0.0636,  
wR2 = 0.1311 
R1 = 0.0646,  
wR2 = 0.1087 
R1 = 0.0694,  
wR2 = 0.1152 
Largest diff. Peak and hole (e. 
Å -3) 
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Compound 62 [62a]CF3SO3 [63]PF6 64 68 
Formula C33.50H38.25Cl2O0.13PRu C36H40ClF3NO3PRuS C32H34Cl2F6P2Ru C42H37.50ClO0.25P2Ru C33H35O4PRu 
Molecular Weight 645.83 791.24 766.50 744.68 627.65 
Space group (crystal system) P-1 P21/n P-1 P-1 P21/c 
Crystal system Triclinic Monoclinic Triclinic Triclinic Monoclinic 
Unit cell dimensions      
a (Å) 12.1186 (4) 14.6702 (8) 9.1518 (5) 11.1768 (12) 29.3586 (12) 
b (Å) 12.4772 (5) 9.0353 (5) 13.3458 (8) 16.1725 (17) 11.4964 (4) 
c (Å) 20.6703 (8) 26.8742 (15) 13.6837 (8) 21.521 (2) 17.9306 (7) 
α (°) 90.5620 (10) 90 69.821 (2) 84.424 (3) 90 
β (°) 101.7530 (10) 99.9560 (10) 75.8110 (10) 81.268 (3) 106.0200 (10) 
γ (°) 96.6540 (10) 90 81.523 (2) 70.180 (3) 90 
Cell Volume (Å 3) 3037.5 3508.5 (3) 1517.23 (15) 3612.8 (7) 5816.9 (4) 
Z 4 4 2 4 8 
Dcalc (g cm-3) 1.412 1.498 1.678 1.369 1.433 
Absorption coefficient (mm-
1) 
0.766 0.681 0.859 0.626 0.630 
F(000) electrons 1333 1624 776 1530 2592 
Crystal size (mm3) 0.28 x 0.16 x 0.14 0.60 x 0.20 x 0.14 0.14 x 0.10 x 0.04 0.10 x 0.06 x 0.02 0.30 x 0.20 x 0.16 
θ range for data collection 
(°) 
2.01 to 29.09 1.48 to 25.00 1.62 to 25.00 0.96 to 25.00 0.72 to 27.50 
Index ranges -16 ≤ h ≤ 15 
-16 ≤ k ≤ 16 
0 ≤ l ≤ 28 
-17 ≤ h ≤ 16 
-9 ≤ k ≤ 10 
-31 ≤ l ≤ 31 
-10 ≤ h ≤ 10 
-15 ≤ k ≤ 10 
-16 ≤ l ≤ 13 
-13 ≤ h ≤ 13 
-19 ≤ k ≤ 19 
-25 ≤ l ≤ 25 
-28 ≤ h ≤ 38 
-14 ≤ k ≤ 14 
-23 ≤ l ≤ 18 
Reflections collected 40877 19971 9007 38904 40443 
Indenpendent reflections 14685 6200 5337 12708 13340 
Max. and min. transmission 0.9003 – 0.8140 0.9107 – 0.6855 0.9665 – 0.8892 0.9876 – 0.9401 0.9059 – 0.8335 
Data/restraints/parameters 14685/0/692 6200/42/420 5337/0/388 12708/58/855 13340/0/719 
GoF 1.101 1.024 1.144 1.185 1.064 
Final R indices [I > 2σ (I)] R1 = 0.0608 
wR2 = 0.1346 
R1 = 0.0672 
wR2 = 0.1708 
R1 = 0.0713 
wR2 = 0.1453 
R1 = 0.1359 
wR2 = 0.3149 
R1 = 0.0425 
wR2 = 0.0938 
R indices (all data) R1 = 0.0834 
wR2 = 0.1447 
R1 = 0.1033 
wR2 = 0.1904 
R1 = 0.0898 
wR2 = 0.1537 
R1 = 0.1596 
wR2 = 0.3259 
R1 = 0.0547 
wR2 = 0.1021 
Largest diff. Peak and hole 
(e. Å -3) 
1.122 and -0.801 1.071 and -0.524 1.174 and -0.963 2.991 and -1.541 0.919 and -0.356 
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